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Development of a Portable Carbon Monoxide Sensor Based on an
External Cavity Diode Laser at 1565 nm
Eva Norris
Carbon monoxide is a major trace gas pollutant with road traffic being responsible for
most emissions. Work has been done on the development of a carbon monoxide sensor,
which is potentially capable of measuring the gas in vehicle exhaust emissions. This is
based on tunable diode laser absorption spectroscopy The device must distinguish
carbon monoxide from other gas species and from particulate matter. The device should
also operate with a response time of the order of one second, have the potential for
portability and a capacity for remote operation. Experimental work presented compares
and contrasts the characteristics of the free-running diode laser and the external cavity
diode laser. The suitability of the external cavity diode laser as a carbon monoxide
sensor is discussed. Two experimental methods used to evaluate the sensitivity of the
device are described along with possible device improvements based on experimental
results. The device’s potential for use as a portable sensor has been demonstrated by
using low voltage DC components. Control software for the portable DC components
has been written using LabVIEW programming language and the program functionality
is fully described. The feasibility of using the sensor as a portable device for
measurement of carbon monoxide in vehicle exhaust or for remote operation to measure
stack emissions has been also been demonstrated by using fibre optic technology. The
operation of a prototype carbon monoxide sensor developed by collaborative partners is
discussed. Experimental data showing absorption due to the presence of carbon
monoxide using equipment supplied by collaborative partners is also presented.

Table of Contents
List of Figures.....................................................................................................................vi

List of Tables.................................................................................................................... ix

Introduction......................................................................................................................... 1

Chapter 1 Carbon Monoxide Detection Methods..........................................................5
1.1

Carbon Monoxide Sensors.......................................................... 5
1.1.1

Biomimetic Sensors........................................................5

1.1.2

Metal Oxide Semiconductor Sensors...........................5

1.1.3

Electrochemical Sensors................................................ 6

1.1.4

NDIR Sensors..................................................................7

1.1.5

Laser Absorption Spectroscopy Sensors..................... 8

1.2

Evaluation of Existing Caibon MonoxideSensors................... 9

1.3

Choice of Diode Laser Design.................................................... 11
1.3.1

Multimode and Single-Mode Diode Lasers.................11

1.3.2

Optical Eeedback.............................................................13

1.3.3

Review of Approaches to ECDL Construction and
Applications......................................................................14

Chapter 2

Chapter 3

Near Infrared Absorption Spectroscopy.................................................17
2.1

Introduction...................................................................................17

2.2

The Beer-Lambert Law............................................................... 17

2.3

Spectral Linewidth and Shape.................................................... 19

2.4

Infrared Spectroscopy of Diatomic Molecules........................ 22
2.4.1

Vibrational Spectra.........................................................22

2.4.2

Rotational Spectra...........................................................24

2.4.3

Intensity of Spectral Lines.............................................25

2.4.4

Vibrational-Rotational Spectra..................................... 25

Experimental Set-up................................................................................ 28
3.1

Introduction....................................................................................28
iii

Chapter 4

3.2

ECDL Construction...............................................................28

3.3

Free-Running Diode Laser Characterisation......................... 31

3.4

ECDL Alignment and Tuning............................................... 32

3.5

Absorption Spectroscopy Measurements.............................. 34

3.6

Interfacing the ECDL using Lab VIEW.................................37

Results.............................................................................................. 46
4.1

Free-Running Laser................................................................46

4.2

Tuning the Diode Laser.........................................................47

4.3

Coincidental Mode Spacing.................................................. 48

4.4

Characteristics of the ECDL................................................. 49

4.5

Calculation of the Free Spectral Range for the ECDL.......... 50

4.6

Effect of the Grating Blaze Direction on Longitudinal
Mode Stability.......................................................................52

4.7

Observed Spectra...................................................................53

4.8

Observation of CO Absorption Line..................................... 54

4.9

Result for 20 cm and 40 cm Path Lengths.............................55

4.10

Comparison of Lines By Temperature Tuning.......................57

4.11

Discussion of Experimental Results....................................... 59
4.11.1 Absorption Measurements for Different Optical
Path Lengths.............................................................. 59
4.11.2 Temperature Tuning the ECDL................................62

Chapter 5

Measurement of Carbon Monoxide Concentrations for Lines P5
and P6.............................................................................................. 64
5.1

Introduction........................................................................... 64

5.2

Experimental Set-Up for Laboratory Tests........................... 64

5.3

Experimental Results............................................................65
5.3.1

Carbon Monoxide Line P5........................................66

5.3.2

Carbon Monoxide Line P6........................................ 67

5.4

Discussion...........................................

67

5.5

Experimental Set-Up for Roadside Tests.............................. 69
5.5.1

Sensor Description..................................................... 69

5.5.2

Sensor Operation.............................

IV

71

Chapter 6

Conclusion......................................................................................... 72

Bibliography............................................................................................................ 76

Acknowledgments....................................................................................................80

Appendix A Newport Current Driver and Temperature Controller.......................A1
Appendix B

Wavelength ElectronicsCurrent Driver and Temperature
Controller.......................................................................................... B1

Appendix C

Publications........................................................................................Cl

List of Figures
1.1

Typical design of a NDIR sensor.

1.2

External cavity arrangement.

1.3

Pseudo-external cavity arrrangement.

2.1

Gas cell of length / illuminated with incident radiation of intensity Iq.
Transmitted radiation has intensity /.

2.2

Illustration of an absorption line with a maximum value of s (v) c 1.

2.3

Relationship between energy and intemuculear distance for a diatomic molecule.

2.4

Allowed rotational energy levels and transitions for a diatomic molecule.

2.5

Transitions between the rotational-vibrational energy levels of a diatomic
molecule.

2.6

Spectrum of the first overtone band for CO taken from the HITRAN database.

3.1

Littrow configuration arrangement.

3.2

Plan view of extended cavity diode laser in Littrow configuration.

3.3

Piezo stack arrangement within the kinematic mount.

3.4

Plan view showing equipment layout for a double pass through the gas cell.

3.5

Optical arrangement for a 40 cm path length through the gas cell.

3.6

Front panel for the ECDL Control.vi program.

3.7

Block diagram for the ECDL Control.vi program.

3.8

Block diagram of the MPL Monitor pins 11 & 13 sub vi.

3.9

Thermistor data and fitted trend line.

3.10

Block diagram for the MPT pins 11 & 13.vi sub vi.

3.11

Block diagram for the Laser Enable.vi sub vi.

3.12

Block diagram for the Piezo Driver.vi sub vi.

3.13

Block Diagram for the Photodetector.vi sub vi.

4.1

LI curve for the FLO-502 diode laser at 25°C.

4.2

Typical spectrum for free-running FLO-502 diode laser.

4.3

Comparison of linewidths for the free-running diode laser at different driving
currents.

4.4

Wavelength dependence on diode laser driving current.

4.5

Wavelength dependence on diode laser operating temperature.

4.6

Modes of free-running diode laser coincident with CO absorption lines R13 to
RIO.

4.7

LI curve for the ECDL operating at 25°C, 4/, = 21.2 mA.
vi

4.8

Comparison of spectra for an aligned and misaligned 1.8 cm cavity.

4.9

Unresolved peaks within the single-rr.ode spectrum^ for the aligned ECDL.

4.10

Three unresolved peaks within the sir.gle-mode of the ECDL.

4.11

Orientation of diffraction grating with respect to the incident beam.

4.12

Maximum and minimum wavelengti emission for the ECDL produced by a
piezo operating at 10 V. Grating blaz^ direction is out of cavity.

4.13

Maximum and minimum wavelengfa emission for the ECDL produced by a
piezo operating at 16.33 V. Grating blaze direction is into cavity.

4.14

Line strengths for CO lines R13, R12. R11 and RIO using HITRAN data.

4.15

Relative light intensity at photodctector using a piezo scan of frequency 0.4 Hz
at a voltage of 15.04 V.

4.16

Spectra recorded for 20 cm path lengta test.

4.17

Signal at photodetector for a 40 cm path length through the gas cell at A =
1565.35 nm. Three cycles of the piezo driven signal labelled 1, 2 and 3 are
shown.

4.18

Relative voltage signals recorded by the photodetector for background
illumination, X\ = 1564.17 nm and Xj = 1563.31 nm.

4.19

Comparison of scatter in normalised data derived by dividing the absorption
signal for a 40 cm path length by relative intensity of the output signal.

4.20

Data spread of values suggesting absorption denoted ‘yes’ compared with data
spread of values suggesting no absorption denoted ‘no’ using non-normalised
absorption signals divided by intensity data from the spectmm analyser.

4.21

Data spread of ‘absorption signal’ divided by intensity values compared with the
diode laser temperature at the time of measurement.

4.22

Simulated CO absorbance line R11 with the maximum and minimum
wavelengths of simulated spectral output for a laser.

4.23

Illustration of a laser with a (a) narrow and (b) wide spectral lincwidth
superimposed on a simulated CO absorption feature of FWHM linewidth 0.03
nm. The spectral output for the laser is tuned 0.015 nm from the centre of the
CO absorption feature.

5.1

Plan view of optical arrangement for absorption spectroscopy of CO.

5.2

Relative absorbance for CO line P6 at 100% and 12% CO concentrations.

5.3

2/absorption signal for 12% CO at atmospheric pressure.

5.4

Relative absorbance for the CO line P6 at 100% and 12% CO concentrations.

5.5

Simulated and experimental values of absorbance for CO lines P5 and P6.
Vll

5.6

Arrangement of optical components used in the CO prototype sensor.

5.7

Block diagram showing the arrangement of electronic comtponents in the
prototype sensor.

vm

List of Tables
1

Percentage of CO and its source of production for different categories of the
population.

2

3

Predicted values of the FSR for different cavity lengths.

Predicted values of absorbance for four R lines of CO for a path length of 40 cm
at 100% concentration.

IX

Introduction
Over the past decade, increasing concern has been shown for the level of trace
pollutants and particulate matter present in the atmosphere and the consequent effects of
this on the health of the human population. The World Health Organisation (WHO) has
published guidelines^ for maximum permissible exposure to various pollutants. This
has prompted many countries to draft legislature to enforce these guidelines. Effective
enforcement of such policies requires accurate measurement methods to determine the
source and extent of the pollution. To a large extent it is easy to trace the major
contributors to carbon monoxide (CO) pollution. Work has been done by Mihalcea et
al [MIH97], Holdsworth and Martin [HOL98], Upschulte et al. [UPS99], Kormann et
al. [KOR02] and others in developing fast, accurate mechanisms for measuring CO and
other trace gas pollutants, resulting from industrial processes and vehicle exhaust
emissions.

Pollution Levels & Sources
WHO estimates that 60% of global emissions of CO are from human activities.
Industrial processes such as power stations and waste incineration account for some of
the CO emissions. Approximately 70% of CO emissions derived from human activity
are from internal combustion engines [WANOO]. CO pollution tends to be a localised
phenomenon, with CO concentrations in urban areas being dependent on the volume of
cars, the street topography, weather conditions and proximity to traffic.

Average

concentrations for an eight-hour period for a large city yield values of 17 parts per
million (ppm) or lower with peak values rising to 62 ppm for short durations that are
distinctly higher than global background concentrations of CO ranging from 0.05 to
0.12 ppm'.

Carbon Monoxide Absorption Mechanism
CO is a well-known asphyxiant'. It reduces the body’s ability to transport oxygen to
vital organs such as the heart and brain, resulting in tissue hypoxia. CO combines
reversibly with haemoglobin, instead of oxygen, in the blood to form carboxyhaemoglobin (COHb).
'

With less haemoglobin present to form oxy-haemoglobin.

World Health Organisation, Air Quality Guidelines - Second Edition, WHO Regional Office for
Europe, Copenhagen, Denmark, 2000.

reduced quantities of oxygen are transported around the body. The reduction in the
blood’s ability to transport oxygen is proportional to the amount of COHb present.
Haemoglobin also has an affinity for CO that is approximately two hundred times
stronger than that for oxygen. Although the formation of COHb is reversible, the halflife of COHb in blood is between two and six hours. The presence of COHb in blood is
thought to build up at a rate that is dependent on the concentration of CO in the gas
inhaled and the length of exposure. In addition any factors that increase the rate of
respiration will accelerate the rate of COHb formation e.g. exercise, high altitudes, etc.

High Risk Groups
Within the population, groups of workers who suffer greater exposure to CO pollution
derived from vehicle exhaust include individuals who drive vehicles for a living,
roadside/tunnel maintenance workers, police, traffic wardens and garage workers.
Concentrations of CO inside motor vehicles are seen to be between two to five times
more than the concentration of CO outside the vehicle^. Factors such as traffic density,
vehicle model, maintenance/age of vehicle and the time of year account for the range of
concentrations experienced inside the vehicle. Exposure to CO will be more hazardous
for those suffering from medical conditions such as anaemia, obesity, bronchitis, asthma
and pre-existing heart conditions .

In controlled studies involving patients with

documented coronary heart disease, pre-exposure to CO resulting in percentage of
COHb (%COHb) levels of 2.9-5.9% ' demonstrated a significant shortening in the time
for onset of angina. There is also an increased risk to the foetus in utero because of the
ease at which CO diffuses across the placental membrane and because of the higher
affinity of foetal haemoglobin for CO than for adult haemoglobin. Young children and
the elderly are also more susceptible to the effects of CO.

WHO Guidelines for Air Quality 2000
WHO has published %COHb levels found in the non-smoking population. To provide
protection for individuals suffering from coronary artery disease and the foetuses of
non-smoking mothers from hypoxic effects it is recommended that a %COHb level of
2.5% should not be exceeded. The corresponding values for CO concentration in ppm
in air are calculated to allow an individual to engage in light or moderate exercise
without exceeding the guideline limit of 2.5% COHb. Guideline values for maximum
OSHA Occupational Safety and Health Guidelines for Carbon Monoxide, Occupational Safety &
Health Administration, U.S. Department of Labour.

exposure suggested by WHO are as low as 10 ppm for exposure over an eight-hour
period and up to 90 ppm for a fifteen-minute time period. The cumulative effect of
%COHb levels arising from internal biological processes (endogenous production) and
%COHb from external sources are listed in Table 1.
Table 1 - Percentage of CO and its source of production for different categories of the population.

Status

%COHb Source

Non-smoking healthy subject

0.4 - 0.7

Internal biological processes

Non-smoking general population 0.5- 1.5

Internal biological processes
and environmental exposure

Pregnant women (non-smoking)

0.7-2.5

Internal biological processes

Drivers etc (non-smoking)

Up to 5.0

Internal biological processes
and environmental exposure

Research Aims
The aim of this research was to construct a low-cost sensor that was sufficiently
sensitive to measure CO pollution as specified in the guidelines published by WHO.
The project aims were influenced by the potential requirements for a sensor capable of
functioning in a roadside environment, since the majority of CO pollution originates
from vehicle emissions. In particular, the sensor must distinguish CO from other gas
species present and from particulate matter. A suitable sensor must be portable, operate
from a DC power supply and be able to function continuously for a few hours without
user intervention. The sensor should also be of a robust design so that it can withstand
vibrations from traffic and not be affected by adverse weather conditions. Furthermore,
if the sensor is used to identify individual CO polluters, it must operate in real time,
with a response time of the order of a second. The chosen sensor design must fulfil all
of the above criteria if it is to perform satisfactorily. In addition it is desirable that the
device can be operated remotely so that it can be used to monitor CO emissions from
industrial processes.

Chapter Overview
The chapters in this thesis examine the theory, experimental techniques and results of
experimental work carried out in constructing a CO sensor.
contents of each chapter is presented below.

An overview of the

Chapter One reviews existing CO sensors and discusses the relative merits and
disadvantages of commercial sensors with respect to the intended application. Optical
methods for detection of CO are discussed including the use of external cavity diode
lasers. A review of some successful external cavity diode lasers designs is included.
Chapter Two outlines the theoretical background to absorption spectroscopy and
infrared spectroscopy is discussed in detail. The Beer-Lambert Law and its application
in spectroscopic measurements is discussed. Line broadening mechanisms and their
influence on spectral lineshape is reviewed. The spectroscopy of diatomic molecules is
discussed with particular reference to CO. Vibrational and rotational motion of diatomic
molecules and their effect on the appearance of fundamental and overtone bands are
considered.
Chapter Three describes the equipment used to construct the ECDL. Equipment
specification for the diode laser and the ECDL are included. The experimental methods
employed to search for evidence of CO absorption are described. Chapter Three also
includes a description of the LabVIEW program written to interface the ECDL, current
driver and temperature controller to a PC.
Chapter Four presents threshold current and linewidth measurements for the
diode laser and the ECDL. Data illustrating the tuning range for the ECDL by adjusting
the drive current, the diode laser temperature and/or the diffraction grating are
presented. Results for all tests conducted to provide evidence of CO absorption are also
presented. The results for absorption measurement experiments are discussed and
explanations of the results are offered.
Chapter Five describes experimental work carried out during a visit to
collaborative partners in the “Tunable Diode Laser Group”, Department of Chemical
Engineering, UMIST, Manchester. An experiment to measure absorbance of CO over a
long path length is described. The data is compared to line strengths from the HITRAN
database and an estimate for expected absorbance over a short path length is discussed.
A description of the groups prototype instrument, used for measuring CO vehicular
emissions, is also given.
Chapter Six discusses the extent to which the project aims of device sensitivity,
selectivity and portability have been achieved. Potential improvements to the sensor are
also discussed.

Chapter 1: Carbon Monoxide Detection Methods
A number of sensor types based on different technologies are currently available for
carbon monoxide detection.

The different technologies may be divided into two

categories: (i) non-optical and (ii) optical methods. Non-optical methods depend on a
physical or chemical change in the sensor to demonstrate the presence of CO. In optical
sensors, the presence of gas in a sample is tested by passing light of a particular
wavelength through it. The concentration of CO present is determined by measuring the
intensity of the transmitted light. This chapter reviews previous work and technology
used for measurements of CO concentrations.

1.1

Carbon Monoxide Sensors

This section contains a comprehensive review of the different CO sensors currently on
the market.
1.1.1

Biomimetic Sensors

One form of sensor relies on the principle of biomimetic technology or chemi-optic
technology. These sensors contain a gel designed to mimic the body’s response to
carbon monoxide. Disks coated in the gel darken when exposed to CO thereby setting
off an alarm. Biomimetic sensors are low-cost devices and require a low voltage power
supply and so are usually run from a battery. However, this category of sensor cannot
give precise values for CO concentrations and is susceptible to returning false values
when exposed to extremes of temperature or humidity.

Once the sensor has been

exposed to CO it can take up to twenty four hours for the device to ‘reset’. The low
purchase and running costs of these devices has made them popular in the domestic
market.

1.1.2 Metal Oxide Semiconductor Sensors
Sensors based on metal oxide semiconductor (MOS) technology are more accurate than
those based on biomimetic technology. This type of device works by the adsorption of
CO onto the heated surface of a metal oxide semiconductor, producing a change in
electrical resistance. Tin oxide is frequently used in MOS sensors. More advanced
mixed metal oxide semiconductor (MMOS) sensors use, for example, chromium
titanium oxide (Cr2Ti03) or a tungsten oxide (WO3) and tin oxide (Sn02) mixture.
Because heating is required, this type of device has higher power requirements than

biomimetic devices and is frequently run from a mains supply.

These devices are

reasonably sensitive, being able to measure CO concentrations of at least 200 ppm.
Response times of between five and fifteen minutes are feasible depending on which
stage of the heating cycle the device is in. Metal oxide sensors can experience problems
with cross-contamination from gas species such as nitrogen oxide, hydrogen sulphide,
ammonia and fumes from various organic solvents that result in false readings. Sensor
accuracy can also be compromised as the device ages, particularly if exposed to humid
operating environments. A low-cost and an improved accuracy compared to biomimetic
based devices has made MOS based sensors the dominant CO sensor type for the
domestic market^
1.1.3

Electrochemical Sensors

Electrochemical sensors usually consist of three electrodes immersed in an electrolyte.
A ‘working electrode’ is made of platinum deposited onto a porous, but waterproof,
membrane.

Carbon monoxide diffuses through the membrane where, due to the

platinum, it undergoes catalytic oxidation to form carbon dioxide (CO2), hydrogen ions
and electrons. Electrons produced in the reaction flow to a ‘counter electrode’, which
completes the circuit. A third electrode, the ‘reference electrode’, is kept isolated from
CO exposure and, therefore, maintains a constant potential. A comparison between the
working potential and the reference potential determines the concentration of CO
present. A chemically sensitive fdter is required to reduce interference from gases such
as nitrous-oxide, hydrogen and ethylene“. The device can fail because the platinum
electrodes are prone to CO poisoning.
For the industrial market sensors based on electrochemical technology are
preferable to sensors based on MOS technology. Electrochemical based sensors give
fewer false readings, because the sensors exhibit less sensitivity to temperature,
humidity changes and the presence of other gases compared to MOS based sensors.
Electrochemical technology sensors have quick response times of between 20 seconds
and a couple of minutes. These sensors can measure CO concentrations as low as 10
ppm although a minimum level of 100 ppm is more usual in domestic sensors. The
lifespan of these devices is limited to between three and five years. CO sensors used in

SenseAir - Technical Note TN-Ol.
Brandt Instruments, Inc., Biosystems Application Note “How oxygen, electrochemical toxic and metal
oxide semiconductor sensors work

industrial applications may also require maintenance and/or calibration approximately
every six months to ensure accurate measurements^.

1.1.4

NDIR Sensors

Many optical CO sensors are based on non-dispersive infrared (NDIR) technology. Fig.
1.1 illustrates a typical design for a NDIR sensor"^.
Optical Filter

Gas Molecules
in/out of Chamber
A

IR Lamp and
Reflector

NDfR is an absorption

Photodctector

Gas Molecules
in/out of Chamber

Figure 1.1 - Typical design of a NDIR sensor.

spectroscopy method whereby the intensity of light detected after passing through a gas
sample is related to the concentration of the gas present. This technology is used for
detecting a range of gases including CO, although it is most commonly used for CO2
detection. NDIR systems comprise a mid-infrared light source, optical filters, a gas cell
and a detector. Extractive sampling is conducted whereby the gaseous sample to be
tested is either pumped or allowed to diffuse into the gas cell.
illuminated by the infrared (IR) light source.

It is subsequently

Tungsten filament lamps are frequently

used as the IR light source, but they have a broad emission spectrum making them
unsuitable for spectroscopy measurements at specific wavelengths. Optical filters are
used to reduce the bandwidth of the emission thereby improving resolution.

The

wavelength of the optical filter must be selected to reduce interference from other
gaseous species present. NDIR systems are wavelength-limited to a maximum value of
5)j,m, because the lamp glass is opaque at longer wavelengths. It can also be difficult to
distinguish between CO2 and CO if the bandwidth of the spectral emission is not
sufficiently filtered. The fundamental absorption for CO at 4.65pm is close to the
fundamental absorption of CO2 at 4.26pm. The fundamental CO2 absorption is about

TSI Incorporated, Combustion Analysis: The Theory Behind Electrochemical Sensors - Application

Note TI-132.
Gilway Technical Lamp, Visible/IIR Lamps for NDIR Gas Sensors.

1

eight times stronger than that for CO and the CO2 concentration in ambient air is high typically 330 ppm [DALOO].

Extractive monitoring techniques are used in many

industrial applications such as burner control in furnaces or chemical vapour deposition
[HOLOl], These do not always provide sufficiently accurate information regarding gas
species concentrations because the sensor is not in situ. The response time for sensors
using extractive monitoring is partially dependent on the speed at which the gas is
pumped into the cell for analysis [FUR97]. Chopping or modulation of the optical
sensors light source allows the signal to be distinguished from background thermal
noise, hence increasing system sensitivity.

Typical applications for such a device

include indoor air quality monitoring and measurements of automotive and flue gas
emissions [DALOO].

1.1.5

Laser Absorption Spectroscopy Sensors

As with NDIR technology, laser absorption spectroscopy also works by relating the
transmitted intensity of light to the concentration of gas present. For some applications,
near-infrared (NIR) laser spectroscopy using diode lasers is preferable to spectroscopy
in the mid-infrared region. NIR diode lasers have small dimensions and low power
requirements making them suitable for applications requiring portability.
comparison, mid-infrared lasers are large and require cryogenic cooling.

By

For laser

absorption spectroscopy to work properly it is necessary to have a wavelength-tunable
light source. Tunable diode laser absorption spectroscopy (TDLAS) offers the potential
for wide tuning ranges as well as narrow spectral linewidths of the order of hundreds of
kilohertz, especially when operated in an external cavity configuration. Diode lasers are
relatively low cost devices and they have wide availability at a range of wavelengths in
the visible and infrared regions.

In the infrared region there is increased device

availability at wavelengths of 1300 nm and 1550 nm, designed to meet the needs of the
telecommunications industry. As with any laser system, the output from a diode laser
can easily be coupled into fibre optic cables. This allows remote sensing at hazardous
or inhospitable testing sites to be conducted. Unfortunately absorption spectroscopy of
CO in the near-infrared relies on accessing the second overtone band at 1600 nm. This
has a very weak line strength of approximately one hundred times less than the first
overtone band line strength at 2300 nm.
NIR laser absorption spectroscopy can be used for in-situ, non-invasive gas
monitoring and extractive monitoring. A potential application using in-situ monitoring
has been demonstrated by Martin [MAR02]. TDLAS at a wavelength of 1580 nm is
8

used for the measurement of CO in car exhaust emissions. A beam is directed across a
road to a retrorcflector, which returns the beam to a photodetector.

The system

continuously monitors the background level of CO until a vehicle breaks the beam and
the measurement cycle is initiated. The concentration of CO in the exhaust is measured
as soon as the vehicle unblocks the beam and this is compared to background
measurements. This yields an accurate record of CO concentration. A system such as
this can potentially measure concentrations of 10 ppm. The measurement cycle can
recommence in one second with the speed of the system being limited partly by the data
processing time of about 500 milliseconds.

1.2

Evaluation of Existing Carbon Monoxide Sensors

A suitable CO sensor for monitoring vehicle emissions must be capable of making
selective measurements of a specific gas even when its concentration is low and it is in a
mixture of other gases. The sensor must be sensitive enough to measure concentrations
of the order of 10 ppm and be able to return a value within a time period of the order of
a second. For vehicle emissions testing, the device must be sufficiently portable to be
transported to a roadside location.

For measurement of emissions in inhospitable

environments, such as furnace and stack emissions, the device must operate as a remote
sensor.
Biomimetic sensors, as already outlined in Section 1.1.1, do not fulfil any of the
requirements outlined above, making devices based on this technology unsuitable for
detection of CO in automotive exhaust or flue emissions. The response time for CO
identification is slow (several minutes) and is partially dependent on CO levels present.
The sensitivity of the device is limited to concentrations above 400 ppm. This type of
technology does not give good resolution for measurements in ppm and cannot
distinguish between low concentrations of CO exposure over long time periods and high
concentrations of CO exposure over short time periods. This type of sensor cannot
localise the source of CO since it only works by absorption of CO in ambient air.
Metal oxide based sensors, as described in Section 1.1.2, experience similar
disadvantages to biomimetic sensors because they respond slowly to CO concentration
changes and are also limited to minimum detection levels of around 200 ppm. MOS
sensors are more accurate than biomimetic based sensors but are quite prone to giving
false readings since other gaseous species can trigger the sensor. These include nitrogen
oxide, which is often present in exhaust emissions. The accuracy of MOS based sensors
cannot be relied upon if the operating environment is humid.

This makes them

inappropriate for automotive/flue emissions measurements since water vapour is very
likely to be present. Like biomimetic sensors, these devices measure ambient air quality
and are not appropriately designed for measuring CO concentrations in-sitii.
Electrochemical devices are discussed in Section 1.1.3 and these are favoured by
industry for measurements of ambient air quality. The response time of 20 seconds and
an ability to measure CO concentrations of less than 10 ppm make electrochemical
sensors superior to biomimetic or MOS based sensors. Electrochemical sensors suffer
interference from other gases and water vapour but the effect is less than that for MOS
based sensors. The lifespan of electrochemical devices is limited to about three years,
during which they require maintenance and calibration to optimise performance and
maintain accuracy. Whilst these devices are often designed for ambient air quality
testing, their improved accuracy and response times make them suitable for some in-situ
measurement applications. Desired applications include flue gas analysis in furnaces,
whereby burning efficiencies can be measured if the concentration of CO present is
known.

Unfortunately, solid-state components for electrochemical sensors cannot

withstand temperatures above 800“C for extended periods of time.
Optical methods, (c.f. Sections 1.1.4 and 1.1.5) in general, have quicker
response times (typically of a millisecond) compared to other methods of determining
CO concentration. Measurement accuracy is not compromised by the response time,
but is instead dependent on the spectral width of the light source used. For this reason
laser absorption spectroscopy is particularly desirable compared to NDER because laser
light is highly monochromatic and can be easily collimated.

A narrow spectral

linewidth will give the sensor sufficient resolution to distinguish between gas species at
similar absorption wavelengths.
Laser absorption spectroscopy can be employed as an in-situ method and as an
extractive method for CO concentration measurements whereas NDIR methods rely on
extractive sampling.

In-situ measurements can be less sensitive than extractive

monitoring methods because the background level of gaseous species of interest must be
measured and then deducted to give the final concentration level. The processing time
required for in-situ measurements can be responsible for slowing the overall response
time.

However, optical sensors using extractive sampling may also experience

increased response times, since they are partially dependent on the speed at which the
gaseous sample can be introduced into the gas cell [FUR97]. Measurement of CO by
extractive sampling is not suitable for all sensing applications such as random
monitoring of exhaust emissions from moving vehicles.
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In summary, non-optical based sensors are useful for home CO sensing
applications.

Uses of non-optical sensors in industrial applications are limited to

ambient air sensing or extractive monitoring where humidity, temperature and
potentially interfering gas species are not an issue. Quick response times of less than a
few seconds and an accuracy of less than 10 ppm cannot be guaranteed. TDLAS is
sufficiently sensitive to allow measurements of background levels of CO at 10 ppm,
which is the required accuracy for in-situ methods. Tunable diode lasers can produce
radiation with a spectral linewidth of a few hundred kilohertz. This is narrower than CO
absorption linewidths for the second overtone band (of the order of 2 GHz at
atmospheric pressure), reducing the possibility of interference from other gas species.
TDLAS systems have broad tuning ranges enabling scans across one or more spectral
lines. TDLAS also has the potential for making measurements in less than one second,
making it ideal for measuring exhaust emissions from moving vehicles. The small
dimensions and low power requirements of diode lasers allow one to design portable
TDLAS systems, thereby facilitating roadside measurements.

1.3

Choice of Diode Laser Design

As discussed in the previous section, TDLAS appears to be one of the more suitable
techniques for measuring CO emissions under the specified conditions. In this section
an appropriate diode laser system design will be presented and discussed in terms of its
suitability. Experimental details concerning the design are presented in Chapter 3.

1.3.1

Multimode and Single-Mode Diode Lasers

For reasons mentioned, diode lasers are favoured for this experiment because of their
small dimensions, the fact that they are relatively inexpensive and have low power
requirements for operation.

However, diode lasers have a relatively wide spectral

linewidth and a highly divergent output beam. For these devices to be viable for use in
atomic physics applications such as spectroscopy, a narrow linewidth and an ability to
tune about the central wavelength is a requirement. The wavelength of diode lasers may
be tuned by changing the drive current or by changing the temperature of the device.
Free-running diode lasers can be categorised as either multimode or single-mode
devices.

Methods for obtaining sufficiently narrow spectral linewidths from diode

lasers are discussed below.
In multimode devices, the optical cavity of the diode laser forms a Fabry-Perot
(FP) resonator where many longitudinal modes can exist simultaneously under the gain
11

profile.

The spectral linewidth across the modes is typically 5 nm.

For specific

combinations of drive current and temperature, single-mode operation is possible but
the resulting mode is very broad (for example, 0.1 nm) rendering it unsuitable for
spectroscopic applications. Changing the driving current of the diode laser alters the
refractive index of the cavity thereby changing the wavelength of the emitted radiation.
Varying the current also changes the temperature of the diode laser. An increase or
decrease in the temperature of the diode laser changes the optical path length of the
cavity as well as shifting the gain profile of the semiconductor material, resulting in a
change of wavelength. Typical temperature tuning rates for FP diode lasers are about
0.3 nm °C'^ giving a total discontinuous tuning range of about 30 nm depending on the
operational temperature range of the device. Current tuning rates are about 0.01 - 0.02
nm inA'*, which produce discontinuous tuning over a range of about 1 nm. Since the
emission wavelength is susceptible to changes in current and temperature these
variables must be caiefully controlled [ALL98].
Single-mode diode lasers have a more complicated structure than FP lasers
making them more expensive. For example, distributed feedback (DFB) diode lasers
produce a single, longitudinal mode due to the resonant cavity containing a grating
structure. A free-running diode laser operating on a single, longitudinal mode may
possess linewidths that are typically of the order of 50 MHz for near-infrared devices
and up to several hundred MHz for diode lasers operating at visible wavelengths
[CONGO]. The gain profile for such a diode laser is in the range of 5 - 10 nm with a
longitudinal mode separation of 100 - 200 GHz.

The dominant lasing mode is

determined by the temperature of the diode laser cavity and the injection current. The
current tuning range is small with typical tuning rates of 0.01 nm mA'\ giving a range
of about 0.5 nm. Temperature tuning is continuous over a short range only of, for
example, 10-50 GHz.

Discontinuous tuning is limited by the temperature range

tolerated by the diode laser, which typically tunes at rates of 0.3 nm °C‘^ resulting in a
tuning range of up to about 30 nm [ALL98].
Single-mode DFB diode lasers have far narrower spectral linewidths than FP
diode lasers even when the FP device is lasing in a single-mode. FP diode lasers are
also disadvantageous because, even when operating a device under identical current and
temperature conditions, they do not guarantee the exact same dominant lasing
wavelength from day-to-day. The combination of these two factors suggests that DFB
lasers are the more suitable option for CO sensing applications based on absorption
spectroscopy. However, several techniques can be used to achieve a reduced spectral
12

linewidth and a wavelength tunable output. These include negative electronic feedback,
injection locking, resonant optical feedback from high-fmesse cavities and optical
feedback from an external cavity. Providing controlled optical feedback to a diode laser
by operating it within an external cavity is the most popular way to achieve single-mode
output with a narrow spectral linewidth [ZYB97, ERI99J. In this way FP diode lasers
can, in practice, be deployed in optical sensing applications at a reduced cost, rather
than using DFB diode lasers. For this reason, it was decided to use a FP diode laser in
an external cavity arrangement for the purpose of this experiment.

1.3.2

Optical Feedback

Diode lasers are very sensitive to stray reflections entering the internal cavity. The
short cavity means that relatively few photons are present and a stray photon entering
from outside can have a significant effect on the lasing wavelength. Photons entering
the cavity will also induce carrier formation in the p-n Junction. This, in turn, affects
optical power output [WIE91]. If the nature of the reflections back into the cavity can
be controlled in terms of direction, wavelength and coherence, then the stimulated
emission as a result of these reflected photons will have a higher degree of
monochromaticity, thereby narrowing the linewidth of the spectral emission.

By

operating the diode laser in an external cavity configuration the nature of the optical
feedback can be controlled and it is possible to exert some control over the lasing
wavelength.
A true external cavity consists of a diode laser with both front and back facets
anti-reflection coated and contained within two reflective optical elements. One end of
the external cavity will be formed by an optical element such as a diffraction grating,
which is capable of providing wavelength selective feedback. The other end of the
cavity is formed by an output mirror, which allows a fraction of the light to be reflected
back into the cavity providing optical feedback. Fig. 1.2 illustrates an external cavity
arrangement. This arrangement suggests that it is necessary to have access to both rear

Output
—►

3

Figure 1.2 - External cavity arrangement. (Key: 1 Diffraction grating, 2 Anti-reflection coated lenses, 3
Anti-reflection coated diode laser, 4 Output mirror).
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and front facets of the diode laser. However, this not always possible when using
commercially-packaged products [WIE91].
A pseudo-external cavity configuration is another technique that utilises simple
optical feedback. The pseudo-external cavity, which is sometimes referred to as an
extended cavity, comprises the rear facet of the diode laser and a reflective optical
element that is used to redirect a portion of the laser light back into the cavity. The
reflective element used is a grating or an etalon enabling wavelength selective feedback.
An arrangement for a pseudo-external cavity is illustrated in Fig. 1.3. Gratings are a

Figure 1.3 - Pseudo-external cavity arrrangement. (Key: 1 Commercial diode laser, 2 Aspheric lens, 3
Beamsplitter (optional), 4 Diffraction grating).

more popular choice than etalons because they are cheaper [WIE91]. The external
feedback for such a device dominates over any feedback from the front facet, which
should ideally be anti-reflection coated. Without anti-reflection coating, continuous
wavelength tuning is harder to achieve since the resonant modes within the diode laser
junction and the resonant mode of the entire external cavity must remain in phase
[PETOl]. The fundamental line width for pseudo-external cavity diode lasers is of the
order of 100 kHz although factors such as mechanical or thermal instabilities will act to
broaden the linewidth by several hundred kilohertz or more [WIE91].

1.3.3

Review of Approaches to ECDL Construction and Applications

Commercial ECDLs can have piezoelectric tuning ranges of the order of 30 GHz with a
linewidth of below 1 MHz [SON97]. Commercial devices are much more expensive
than non-commercial ones having comparable spectral linewidths and piezoelectric
tuning ranges. Common external cavity diode laser designs are constructed from a
combination of custom-machined parts and commercial components to which minor
modifications are made. Four examples of external cavity design are described below.
In their review article Wieman and Holberg [WIE91] describe the behaviour of a
pseudo-external cavity that they constmeted. Their design consists of three commercial
components and some machined parts. They used a Sharp LT015 diode laser with
about 70% feedback via a commercial diffraction grating mounted at the ‘Littrow’
14

angle.

Output from the laser passes though a collimating optic before reaching the

diffraction grating. The Littrow angle ensures that the zeroth-order beam is reflected
out of the cavity while the first-order diffracted beam is directed back into the laser
cavity. The system is tuned by actuating a small piezo disk mounted behind the grating.
Mounting the piezo element directly behind the grating allows one to tune the cavity by
changing the cavity length.

Mounting the piezo behind the grating and mount will

affect tuning by changing the cavity length and also matches the angle tuning of the
grating. MacAdam et ai [MAC92] used a 1200 lines mm‘^ grating and piezoelectric
speaker disks from Murata Electronics. The system produced a linewidth of well under
1 MHz and was observed to tune continuously over 80 GHz with a tuning gap of about
70-80 GHz between mode hops.
Ricci et al. [RIC95] present an alternative to the external cavity system described
above. This design is very compact and is easily machined. Their mounting system
consists of three parts: an L-shaped metal block to hold the diode laser, a mount for the
collimating optics and a mount for the diffraction grating. A commercial diode laser
without anti-reflection coating is used. Diffraction gratings used have 2100 lines mnf*
for a wavelength of 670 nm and 1800 lines mm‘* for wavelengths of 780 nm and 850 nm
and are mounted at the Littrow angle. The grating is mounted on a lever arm, which can
be coarsely adjusted using a screw.

Fine tuning is by means of a piezo element

mounted behind the grating and lever. Continuous scans of over 25 GHz between mode
hops were achieved with a linewidth of a few 100 kHz making this design suitable for a
range of applications including absorption spectroscopy.
The design presented by Arnold et al. [ARN98] is similar in performance to
other designs but is inexpensive and easy to use due to construction from commercial
components with very few modifications. A single collimation tube is used to hold both
the 780 nm diode laser and the collimating optic. The cavity is constructed from a
standard mirror mount with minor modifications. The mirror mount is a substitute for
the base plate and grating assemblies used in other designs. The diffraction grating is
supported by a custom machined block, mounted on the front plate of the mirror mount
while the collimation tube is mounted on the back plate. A grating with 1800 lines
nim‘* is mounted at the Littrow angle to give 20% feedback into the cavity and the total
cavity length is about 20 mm. Continuous scans of 8 GHz were achieved with larger
scan ranges expected if synchronous translation and rotation of the grating were
employed.

The laser linewidth from this system is about 350 kHz and was

demonstrated by observing a rubidium saturated absorption line.
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The Conroy et al. design [CONGO] is very similar to that of Arnold et cil.
[ARN98]. They have mostly constructed their extended cavity from commercially
available opto-mechanical components to avoid the necessity for machining and their
design removes the necessity for a block to mount the grating on - a possibility
suggested by Arnold et al. [ARN98]. An open quadrant design kinematic mirror mount
and adaptor were used to support the collimating tube although the holder for the
diffraction grating was machined. The diffraction grating is held at the Littrow angle to
give first order diffraction feedback into the cavity. The diffraction grating has 1200
lines mm’’. A 635 nm diode laser with 15 mW output and anti-reflection coating was
used. A second diode laser at 670 nm with lOmW and anti-reflection coating was also
used. The linewidth for the ECDL was found to be less than 5 MHz for both diode
lasers with a continuous tuning range of up to 8 GHz. The ECDL was built to enable
spectroscopic studies of iodine and second harmonic generation to be performed in an
undergraduate teaching laboratory.
These reviews demonstrate that an external cavity can be constructed with
relative ease and at a low cost without sacrificing the quality of the spectral output. The
ECDL’s have been used in a range of applications and this suggests that these designs
or similar could be an appropriate mechanism with which to perform absorption
spectroscopy of CO. The designs are sturdy and compact in nature suggesting they are
suitable for use as part of a practical CO sensor. For the experimental work presented in
this thesis an ECDL based on these designs was constructed, full details of which are
contained in Chapter Three.
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Chapter 2: Near Infrared Absorption Spectroscopy
2.1

Introduction

The presence of CO in exhaust fumes can be detected using absorption spectroscopy.
The concentration of CO can be determined from the absorbance of light by the gas.
This relationship is described by the Beer-Lambert law and is discussed below. Other
factors affecting the detection limits of absorption lines including lineshape and line
broadening mechanisms are considered. Selection rules describing the frequencies and
line strengths of spectra for diatomic molecules are reviewed.
2.2

Beer-Lambert Law

An electromagnetic wave of angular frequency co propagating in the z direction, through
an absorbing medium of frequency dependent refractive index n{co) will experience
absorption and dispersion [WEB88]. If the electromagnetic wave has irradiance I{z),
then its attenuation dl along a small distance dz can be written as

dJ = -a (co) I(z) dz.
where a{aj) is the linear attenuation coefficient of the medium.

(2.1)

When eqn. 2.1 is

integrated, it can be written in the following form

/ {(JO, z) = lo exp[ -a{(jo) z].

(2.2)

where lo is the intensity of the radiation having travelled zero distance {z = 0) through
the medium and I{co, z) is the intensity of the radiation at some distance z for a particular
frequency co. Eqn. 2.2 is known as the Beer-Lambert law [WEB88]. For spectroscopic
measurements in the infrared region, the Beer-Lambert law can be rewritten

/ (v, z ) = lo exp[ -;c(v) Zo],

where

a:(v)

density and

(2.3)

is the absorption coefficient at wavenumber v, Zd is known as the optical
k{v)zd

is equivalent to the optical thickness of the medium. Note that Zd is

calculated from the number of absorbing molecules per unit area along the direction of
propagation of the radiation. It is convenient to express eqn. 2.3 in a logarithmic form,
so that the optical density is given by
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K{v)zo = ln(/o//) = 2.303 log(/o//).

(2.4)

Eqn. 2.4 can be written as

log(/o//) =

k{^Zd

= A(v),

(2.5)

2.303
where A(i^ is the defined as the absorbance at a particular wavenumber v.
Alternatively, one can express the absorbance as

A =

(2.6)

where ^(v) is the molar absorption coefficient, c is the concentration of the gas sample
under test and / is the path length of the light through the gas sample. From eqn. 2.6 it
can be seen that the Beer-Lambert law describes the linear relationship between the
absorbance of light (at a specific frequency) by a gas sample, the path length through
the sample and the concentration of that gas sample. Fig. 2.1 illustrates an experimental
arrangement where incident radiation of intensity Iq, scanned through a frequency range
from v, to V2, is passed through a gas cell.

Figure 2.1 - Gas cell of length I illuminated with incident radiation of intensity Iq. Transmitted radiation
has intensity I.

Absorption is observed when molecules absorb a quantum of radiation and are excited
from their ground state m to an upper state n. The population of the ground state, N,n,
must be much larger than the population of the excited state,

if the Beer-Lambert

law is to hold. In this way, absorbed irradiance is proportional to the incident irradiance
and any change of molecular energy level populations due to the radiation field can be
neglected [WEB88]. If a gas sample is exposed to high intensity radiation e.g. from a
laser, the populations of the ground and excited states can change significantly so that dl
is no longer proportional to / (c.f eqn. 2.1).

In this case, the value of the molar

absorption coefficient, fc'(v), can approach zero making the sample transparent to the
incident radiation. The absorbance. A, can be calculated as a function of wavenumber v
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to yield a plot as shown in Fig. 2.2. Fig. 2.2 also shows two absorption lines with the
same molar absorption coefficient but with different spectral linewidths. The value of

Figure 2.2 - Illustration of an absorption line with a maximum value of s (v) c 1.
indicates a broad
absorption line with maximum absorbance e (v) c 1. ------- indicates a narrow absorption line also with
maximum absorbance e (v) c 1.

the absorption coefficient therefore does not give a reliable measure of the total
absorption intensity because variations in spectral width are not accounted for.
Integrating the area under the absorption curve gives the intensity of a spectral line such
that

VI

\ s{v)dv

=

N, hv B
In 10

where Na is the Avogadro constant, h is Planck’s constant,

(2.7)

is the average

wavenumber of the absorption and Bnm is the Einstein coefficient for the optical
transition under investigation [HOLL96].

2.3

Spectral Linewidth and Shape

Molecular absorptions do not take place at a single frequency but over a range of
frequencies and have a definite lineshape characterised by the shape function g(v2 - v,)
(obtained from integrating the absorption coefficient) [WEB88]. The quality of the
instrumentation used to observe absorption spectra may contribute to the observed
linewidth. Molecular motion and interactions also affect linewidth and shape. There
are several other factors which can contribute to the linewidth and shape. These include
natural linewidth broadening, Doppler broadening, collisional broadening and pressure
broadening. The following contains a brief description of each of these mechanisms.
Natural line broadening. A molecule excited to state n will eventually decay
back to the ground state, ni. The time taken for the number of molecules in the excited
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state, Nn, to fall to \le of their value is the relaxation time t.

The Heisenberg

Uncertainty Principle [HOLL96] states that

tAE

> /z / 2,

(2.8)

where A£ is the energy, h is the Planck constant divided by Iti. From eqn. 2.8 AE, the
energy of state n, cannot be precisely known because the relaxation time t is finite. The
Planck-Einstein equation below relates energy of an absorbed photon to the photon
frequency by
E = hv.

(2.9)

From eqn. 2.9, uncertainty in the absorbed energy results in a range of absorption
frequencies. The spread in frequencies is known as natural line broadening and has a
characteristic Lorentzian lineshape. Natural line broadening is usually small compared
to the effect of other line broadening mechanisms such as Doppler broadening or
pressure broadening. Linewidths due to transitions from excited electronic states are of
the order of a few tens of megahertz and excited vibrational states result in linewidths of
the order of a few tens of kilohertz. Transitions due to rotational energy states broaden
the spectral width by about lO’"^ Hz.
Doppler broadening. When a stationary molecule absorbs a photon of energy, it
undergoes a transition from its ground state to an excited state. The change in energy,
EE, of the molecule is given by

EE = hviulc) cos 9,

(2.10)

where 6 is the angle between the direction of travel of the molecule and the photon, u is
the velocity of the molecule, c is the velocity of light in a vacuum and hv is the photon
energy at the absorption frequency v. However, in a gas molecules have a range of
speeds at thermal equilibrium described by a Maxwell-Boltzmann distribution. Because
of Doppler shifting the frequency, v^, at which a transition is observed to occur is
related to the absorption frequency v for a stationary molecule by [WEB88]
(
V
The distribution of the frequency values,

1

u\
--

c)

V .

(2.11)

at a particular temperature is dependent on
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the molecular velocity of the absorbing molecule.

The shape of the frequency

distribution is therefore dependent on the Maxwell-Boltzmann distribution and is
Gaussian in nature.

The characteristic line broadening, Av, is known as Doppler

broadening and is given by
V 2kTln2
Av = - J---------c V
m

(2.12)

where k is Boltzmann’s constant, T is the terriperature in Kelvin and m is the molecular
mass. For any molecule Doppler line broadening is dependent on the square root of the
temperature T. Using eqn. 2.12, the characteristic line broadening for a CO molecule at
a temperature of 293 K and absorption wavelength of 1565 nm is of the order of 220
MHz.
Collisional broadening. A molecule in a gas will undergo collisions with other
molecules. For molecules other than hydrogen and helium, van der Waals forces have a
more significant effect on collisional broadening than short-range interatomic forces.
When a collision between two molecules occurs, there is an energy exchange AE. If the
mean time between collisions is r, then by using the Heisenberg Uncertainty Principle
(eqn. 2.8) the resultant pressure broadened linewidth, Av, may be written as [WEB88]
Av = (2;zt)‘
Pressure broadening.

(2.13)

Increasing the gas pressure increases the number of

collisions between molecules, which in turn increases the linewidth.

The linewidth

dependence on pressure, P, and temperature, 7, for a pure gas is described by the
equation
Vp

=

Vsp

(2.14)

(P / Psrp) {Tstp / 7)' ,

where Vp is the half linewidth at half maximum (HWHM) measured in cm'' and v^tp is
the HWHM measured at standard conditions of temperature, Tstp, and pressure, Pstp- The
power a: usually has a value of one half. The actual value of x depends on the energy
exchange during the collision between two molecules. Vp has a Lorentzian shape and
this dominates the line profile for gas pressures over 10 Torr [WEB88].
Of the four line broadening mechanisms described, the more dominant Doppler
and collisional broadening effects usually mask natural line broadening. Doppler and
collisional broadening effects are often present at the same time.

n,

33^

The resultant

^

C(a& institute of rechnologl'

lineshape is a convolution of Gaussian and Lorentzian lineshapes and is known as a
Voigt profile [KES98].

The Voigt profile may be evaluated numerically using

[WEB88]

1
V{x,y) = -

f
J

yexp(-r)
^ dt.

^ ^ y- + {x-ty

(2.15)

The term t is defined by

_ fc.-X)(ln2)L
where

(2.16)

is the wavenumber of the absorbed light, Vq is the absorption line centre

wavenumber and Id is the Doppler HWHM. The profile is Gaussian in shape close to
the central frequency but becomes more Lorentzian further away to either side. In eqn.
2.15, the shape is determined by the value of y, which gives the ratio of the Lorentzian
linewidth to the Doppler linewidth.

The frequency dependency of the profile is given

by x

2.4

Infrared Spectroscopy of Diatomic Molecules

The origin of the possible absorption frequencies and intensities for a particular species
of molecule lies in the nature of the molecular bonds and the type of motion that the
molecule can undergo. In the infrared region, absorption of energy by an infrared active
molecule results in a characteristic vibration of the molecule and is accompanied by
rotational motion.

2.4.1

Vibrational Spectra

The bond between two atoms in a diatomic molecule may be considered as a system
where forces are in equilibrium.

The atoms experience repulsive forces from two

sources (i) the positively charged nuclei and (ii) the negative electron clouds of each
atom. There are also attractive forces between the nucleus of one atom and the electron
cloud of the other atom and vice versa. The point at which the forces are in equilibrium
determines the internuclear separation of the atoms. When the separation between the
atoms is increased, the attractive forces between the atoms increases. Decreasing the
atomic separation results in an increase in the repulsive forces between the atoms.
Small compressions and extensions of the bond length are analogous to the behaviour of
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a spring obeying Hooke’s Law and therefore the vibrating diatomic molecule behaves
like a simple harmonic oscillator. For vibrations that are larger than approximately 10%
of the molecular bond length, the vibrations are no longer simple harmonic but
anharmonic in nature.

Eqn. 2.17 describes the anharmonic relationship between the

energy, E, and the intemuclear distance, r, for a diatomic molecule as
E — E)^,q [ 1 exp {- r) I ] ,

(2.17)

where Deq is the dissociation energy, r^q is the equilibrium distance and a is a constant
for a particular molecule. Eqn. 2.17 is a Morse function energy curve [BAN66]. Fig.
2.3 illustrates the energy-internuclear distance relationship described by the Morse

Intemuclear distance

Figure 2.3 - Relationship between energy and internuculear distance for a diatomic molecule.------Morse
Function energy curve for a typical diatomic molecule.----- Simple harmonic oscillator energy curve.

function for a diatomic molecule and compares it to the energy-internuclear distance
relationship for the simple harmonic oscillator. The frequency of the vibration depends
on the mass of the diatomic molecule and the force constant of the bond. The allowed
vibrational energies are quantized and may be calculated for the Morse Function using
the Schrodinger equation.

The allowed vibrational energy levels Sv are given by

[BAN66]
Cv = (v +

V2)COe

- (v -H

VlY

(OeXe + (v -|-

Vl)

COgye +

where cOg is the vibration wavenumber, v is the vibrational quantum number and

(2.18)
and

ye are anharmonic constants. The selection rules for the anharmonic oscillator are given
by
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Av = ±1, ±2, ±3,.

(2.19)

which incorporates the rule Av = ±1 for the harmonic oscillator. At room temperature
most molecules exist in the lowest vibrational energy state of v = 0. For the process of
absorption the vibrational energy transitions of v = 0 —> v = 1 (Av = +l), v = 0—>v = 2
(Av = +2) and v = 0 ^ v = 3 (Av = +3) occur and are represented in Fig. 2.3. The
resulting spectral line at cOe for Av = +1 is called the fundamental absorption and has
considerable intensity. Similarly the vibrational energy transitions of Av = +2 and Av =
+3 result in the first overtone band with small intensity and the second overtone band
with negligible intensity respectively. Lines predicted by Av = ±4 or higher are less
probable and do not usually have observable intensity. If the molecules are at a high
temperature, e.g. 473 K, then a number of molecules may initially occupy the v = 1
energy state. Upon absorption, transition from v = 1 —> v = 2 results in a weak spectral
line called a hot band.

2.4.2

Rotational Spectra

A linear molecule such as CO will also undergo some rotational motion. The molecule
can rotate end-over-end both in the plane of the page and at 90° out of the page. The
molecule can also rotate about its bond axis although this does not contribute
significantly to the absorption spectra because the moment of inertia for this motion is
small. To calculate the contribution of rotational motion to the absorption spectra the
diatomic molecule is modelled on two masses joined by a light non-rigid bar. The
moment of inertia is calculated for the system using the reduced mass for the diatomic
molecule.

The allowed rotational energy levels, Sj, are then calculated using the

Schrodinger equation giving [BAN66]
ey = BJ{J +[)- DJ\J + 1)“ cm'*.
where J is the rotational quantum number having integer values 0, 1, 2 etc.

(2.20)

The

rotational constant B is calculated from (h/SK^Ic) and the centrifugal distortion constant
D is calculated from {h^ / 327r‘^ /“ r kc), where I is the moment of inertia for the
molecule.

The selection rule for a rigid diatomic rotating molecule is A/ = ±1.

Absorption will raise the rotational energy of the molecule from state 7 to 7 -i- 1. Fig 2.4
illustrates the rotational energy levels and the allowed transitions between them in terms
of the more dominant rotational constant B.
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Figure 2.4 - Allowed rotational energy levels and transitions for a diatomic molecule.

2.4.3

Intensity of Spectral Lines

The spectral line intensity depends on the number of molecules undergoing a particular
transition.

While the probability of all transitions from J

J + 1 is identical all

spectral lines do not have equal intensity. Spectral line intensity is directly proportional
to the number of molecules, Nj, at each level. The Maxwell-Boltzmann distribution
determines the population of each energy level. A second factor that influences the
spectral line intensity is the possibility of degeneracy in the energy states. The diatomic
molecule has angular momentum due to its rotation. The number of values that the
angular momentum vector can have for a particular rotational energy level is limited by
quantum mechanics. A component of the angular momentum in a given reference
direction must be zero or an integral multiple of h. Each rotational energy level is (27 +
1) degenerate so that there are 3, 5 and 7 energy states for J = 1,2 and 3 respectively
[BAN66].

2.4.4

Vibrational-Rotational Spectra

For a diatomic molecule, a change in its vibrational energy state must be accompanied
by a change in its rotational energy state. To explain the occurrence of the spectmm for
a diatomic molecule, both vibrational and rotational energies must be considered
simultaneously. The Bom-Oppenheimer approximation allows the total energy of the
molecule to be expressed as the sum of the rotational, vibrational and electronic
energies [BAN66]. Ignoring the electronic energy transitions, the Bom-Oppenheimer
approximation can be written as
8j, = BJ{J +1)- DJ\J +{)- + iv + V2)COe - (v + Vl)- COeXe
\_________________
------------V------------

V____________

2 21)

( -

_________ y

vibrational energy

rotational energy

The combined vibration-rotation spectmm for vibrational levels v = 0 and v = 1 is
described by [BAN66]
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Asjv = (cOo + 2Bm - 4Dm) cm ^

m = ±l,±2,...

(2.22)

where cOo is the frequency of the band centre. As can be seen in Fig. 2.5, co,, does not
0. The exact value of co,, is affected by the anharmonic constant

actually exist since m

By extending eqn. 2.22 for values of Av = ±2, ±3 the anharmonic constant also
allows the appearance of the first and second overtone bands with identical rotational
structure.

Fig. 2.5 represents some of the possible transitions between rotationalAJ = -1

Ay = +1

y

y

v=

1

v = ()

2
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Figure 2.5 - Transitions between the rotational-vibrational energy levels ol'adiatomie molecule.

vibrational energy levels for a diatomic molecule. Rotational lines for Ai = - 1 are
referred to as P branch lines and rotational lines for A7 = +1 are labelled as R branch
lines. In Fig. 2.5, the rotational lines have equal spacing of 2B either side of cOoFig. 2.6 shows the spectrum of the first overtone band for CO taken from the
HITRAN database.

It can be seen that the spacing between rotational lines

Figure 2.6 - Spectrum of the first overtone band for CO taken from the HITRAN databa.se.

increases from the R branch to the P branch of the spectrum.

An increase in the

vibrational energy of the molecule causes the average bond length r to increase. The
rotational constant B has a 1/r" dependency on bond length and consequently becomes
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smaller in the upper vibrational states. The Born-Oppenheimer approximation suggests
that rotational and vibrational energies are independent of one another but the CO
spectmm in Fig. 2.6 shows that this not the case.
From the Beer-Lambert law (eqn. 2.6) measurement of the absorbance of light at
a particular frequency over a known path length through a gas sample enables the
concentration of the CO present to be calculated. An experimental method based on the
Beer-Lambert law is described in Chapter Three. An ability to predict the frequency
and line strength of absorption lines for the CO absorption spectrum helps to determine
a suitable choice of lasing wavelength for the ECDL sensor.

The absorption lines

chosen for use should be as intense as possible to maximise the chance of detecting the
presence of CO. The desired operating wavelength should also be checked to ensure
that there is minimal interference from other gases. The HITRAN database contains
comprehensive data on CO absorption frequencies and line strengths and has been used
to select appropriate absorption lines for experimentation in Chapter Three.
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Chapter 3: Experimental Set-up
3.1

Introduction

The extended cavity diode laser (ECDL) used in this experiment was assembled from
standard Thorlabs opto-mechanical components, a diffraction grating and a Thorlabs
custom-milled grating mount.

Thorlabs have demonstrated the proficiency of this

design by repeating a rubidium Doppler-free saturated absorption experiment as
originally discussed by Mac Adam et al. [MAC92].

3.2

ECDL Construction

The diode laser selected for the experiment was a FLO-502 continuous wave, single
transverse mode device supplied by Laser Components.

The device has a peak

operating wavelength of 1560 nm at 25°C and a linewidth of approximately 3 nm. The
diode laser can be tuned by varying the current and the temperature. The device has a
current tuning rate of 0.13 nm mA'* and a temperature tuning rate of 0.53 nm °C''. The
diode laser was held in a Thorlabs thermoelectric mount (Thorlabs TCLDM9), which
contains a four pin socket that accepts all 5.6 mm and 9 mm diode laser packages. A
commercial diode laser driver (Newport model 505) and temperature controller
(Newport model 325) were used during experimental investigation of the CO absorption
signal. Appendix A details the required pin connections for interfacing the Thorlabs
mount and the Newport current driver and temperature controller. The Thorlabs mount
was also interfaced with a board-level laser current driver (Wavelength Electronics
MPL-500) and a board-level temperature controller (Wavelength Electronics MPT5000). The board-level components require a DC power supply of less than 15 V,
making it potentially possible to power the components from a portable power supply.
Wavelength Electronics recommend the use of Power-One regulated, linear power
supplies for optimal performance of the current driver and temperature controller. The
MPL series current drivers are not compatible with the Thorlabs TCLDM9 mount for all
diode laser types. Details of diode lasers suitable for use with the MPL series current
driver and the Thorlabs mount are contained in Appendix B. Appropriate interfacing
pin connections between the Thorlabs laser mount and the Wavelength Electronics
current driver/temperature controller, details of recommended linear power supplies for
low noise operation and calculations verifying maximum power dissipation of the
temperature controller can also be found in Appendix B.
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The design of the Thorlabs mount allows it to be adapted for use as part of a
Littrow configuration external cavity. Tii the Littrow configuration, the external cavity
is formed by the back facet of the diode laser and a diffraction grating, which is held at
an angle of (90 - OiY to the incident beam, where

is the angle of incidence. The angle

of the diffraction grating is chosen so that the first-order diffracted beam has an angle <9;
equal to the angle of incidence. The first-order beam is hence diffracted back into the
diode laser cavity. The zeroth order beam is reflected out and forms the output for the
cavity. The diffraction grating equation is given by

J(sin 6,n - sin (9,) = mX,

(3.1)

where d is the grating line spacing, m is the diffraction order, X is the wavelength of the
laser light and 9,n is the angle of diffraction. For the Littrow condition to hold, eqn. 3.1
becomes

2d sin Ol = m X,

where

(3.2)

is the Littrow angle of incidence for the laser beam onto the grating.
Fig. 3.1 shows the Littrow configuration arrangement. The diffraction grating

Diffraction
Grating

Figure 3.1 - Littrow configuration arrangement.

selected was a 600 line mm*^ gold grating designed for use at 1600 nm with blazing at
28°4r (Edmund Optics Ltd K54-851).

The blaze wavelength is defined as that

wavelength, in a given diffraction order m, for which the efficiency curve reaches its
maximum.^ Using eqn. 3.2, it was determined that for an operating wavelength of 1564
nm, the Littrow angle is 27° 59’ for first-order diffraction. By selecting a diffraction

'

Thermo RGL (Richardson Gating Laboratory), Technical Note 11, 2001.
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grating blazed at the Littrow angle, the first-order beam diffracted back into the diode
laser cavity has the highest intensity and this improves the quality of the output. The
front plate of the thermoelectric mount accommodates four 3” extension rods (Thorlabs
ER30875-001), which act to hold a kinematic mirror mount (Thorlabs KCl/M) rigidly
in place at the desired distance along the rods. Thorlabs supply a custom-milled wedge
mount which is designed to fit into the kinematic mount. When the grating is attached to
the mount it is firmly held at an angle of 28° to the incident laser beam and so forms the
Littrow cavity. At this angle the zeroth-order beam does not clear the sides of the
thermoelectric mount and a gold mirror is attached to the front plate to reflect the beam
out of the laser system. A grating angle greater than 28° would have been preferable
allowing the output beam to clear the thermoelectric mount. However the choice of
grating angle is dictated by the required operating wavelength of 1564 nm and the
availability of a grating with a line spacing that will fulfil the Littrow criteria. Fig. 3.2
shows

a

plan

view

of the

ECDL

in

the

Littrow

configuration.

The

Renccted output beam

Thermoelectric mount
with cooling fins

Piezo stack + screw

Screw

Figure 3.2 - Plan view of extended cavity diode laser in Littrow configuration.

three fine adjustment screws on the kinematic mirror mount allow coarse tuning of the
ECDL by changing the grating angle and the cavity length. Fine tuning of the ECDL
requires small adjustments to be made to the cavity length.

Either a commercial

piezoelectric kinematic mount (Thorlabs KCIM) or an adapted kinematic mount
(Thorlabs KC1M9) has been used to achieve fine grating angle control at different
stages of the work. The KC1M9 kinematic mount was adapted by mounting a piezo
element under the horizontal adjustment screw in a similar way to that described in
work by Conroy et al. [CONGO].

A piezo stack (Thorlabs AE0203D04) with

dimensions (5.0 x 3.0 x 4.5) mm was selected for insertion between the coarse
adjustment screw and kinematic mount as shown in Fig. 3.2. The mechanical load was
centred on the two end faces of the piezo stack to prevent exposing the piezo stack to
bending forces. A washer was glued to each end of the stack. The hole in the first
30

washer centres the coarse adjustment screw and protects the piezo from direct stress
from the screw point. A small ball-bearing sits in the recess created by the hole in the
centre of the second washer and compensates for any lack of parallelism in the
kinematic mount. Fig. 3.3 shows more detail of the arrangement of the piezo in the
kinematic mount.
Coarse Adjustment Screw

Washer

Ball Bearing
Figure 3.3 - Piezo stack arrangement within the kinematic mount.

3.3

Free-Running Diode Laser Characterisation

The Newport cuiTent driver and temperature controller were used in conjunction with
the Thorlabs TCLDM9 diode laser mount for all parts of the experiment.

Before

measurements of the free-running diode laser were made, the diode laser output was
collimated by passing it through an aspheric lens (Thorlabs A438TM-C) coated for use
at 1050 - 1550 nm. The lens was mounted in the front plate of the TCLDM9 by using
an optic adaptor S1TM09. The output from the diode la.ser was first observed on an
infrared viewing card at a distance of approximately three metres.

Focussing was

achieved by changing the distance between the lens and diode face. The diode laser was
considered to be collimated when the image on the viewing card was rectangular. The
dimensions of the beam were checked along its length to ensure that light was not
focussed to a point anywhere between the diode laser and the viewing card.

Six

measurements of the diode laser threshold current value were made. For each threshold
measurement, the light output as a function of drive current was recorded at a
temperature of 25°C, for drive currents of 0 - 50 mA. The threshold current, Ith, is
determined by calculating the intercept of the light output versus drive current (LI)
graph with the current axis (x-axis). The six values of the threshold current were
averaged and compared with the specifications supplied by Laser Components for the
FLO-502 diode laser. A typical LI curve and comparison of threshold values are given
later in Chapter 4. The spectrum of the free-mnning diode laser was also measured
using an ANDO Electric AQ-6312B Optical Spectrum Analyser. The collimated output
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of the diode laser was directed into a multimode fibre optic cable, which carried the
optical signal into the optical spectmm analyser. A range of spectra were recorded for
the free-running diode laser operating at temperatures between 15°C and 39°C for a
range of drive currents between 30 mA and 85 mA. The spectra were examined to
determine the operating current and temperature required for lasing in the 1564 nm
range.

Measured values of the peak lasing mode and spectral width were compared

with those in the sample spectrum supplied by Laser Components for the diode laser.

3.4

ECDL Alignment and Tuning

The grating was attached to the custom-milled wedge mount using a fast-setting
adhesive. The adhesive sets within approximately 10 seconds, which allowed sufficient
time for small adjustments of the grating on the wedge mount but prevented the grating
from slipping out of position while setting. It is also possible to break the bond by
immersing the grating and mount ensemble in acetone for a few hours. The grating was
initially set with the ‘lines’ of the grating oriented vertically and with the blaze direction
out of the cavity. The orientation of the grating lines was confirmed by viewing them
directly with a microscope.

The correct orientation of the blaze direction can be

determined from the blaze arrow on the side of the grating. The ECDL was assembled
and the diode laser was operated at a drive current of 50 mA. A viewing card was used
to locate the first order beam diffracted back from the grating.

The vertical and

horizontal coarse positioning screws on the kinematic mount were adjusted until the
beam ‘disappeared’ into the aspheric lens.

The output of the diode laser was then

observed at a distance of approximately one metre from the ECDL.

If the grating

alignment is good, then a faint spot produced by a reflected beam off the aspheric lens
can be observed near the main output for the ECDL. The coarse positioning screws
should then be adjusted until the reflected spot overlaps the main beam. The diode laser
drive current is then turned down to approximately 23.0 mA, which is just below the
threshold current for the free-running diode laser. Further minute adjustments of the
coarse positioning screw are made while observing the monitor photodiode current.
Once good cavity alignment is achieved, the monitor photodiode current increases
rapidly as optical feedback into the cavity reaches a maximum. The degree of cavity
alignment was measured by recording the light output as a function of the drive current
and calculating the threshold current for the ECDL.

Spectra for the ECDL were

recorded for a range of temperatures between 30°C and 39°C and for various drive
currents until the approximate required operating conditions of temperature (35 - 37°C)
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and drive current (45 - 60 mA) for single-mode lasing at A = 1564.17 nm (absorption
line R13) were established. The actual conditions needed to achieve lasing at a specific
wavelength were seen to vary over the course of a few hours. Continual adjustments of
the drive current, temperature or the coarse positioning screws were required to keep the
ECDL functioning at the desired wavelength. Adjustments in current or temperature
were found to be useful for carrying out small, non-linear adjustments of the
wavelength.

Discontinuous tuning over a range of about 2 nm was achieved by

adjusting the horizontal positioning screw and was used predominantly for tuning the
ECDL. Adjusting the horizontal positioning screw alone, a strong, single lasing mode
was seen to appear at wavelengths almost equal to the CO absorption wavelengths of
R13-10.

The specifications for the diode laser limit the maximum operating

temperature to 40°C. Cuixent tuning of the diode laser was limited to a maximum of 75
mA to protect the diode laser from damage.
Detection of an absorption signal is more likely if the gaseous sample under test
is illuminated by a light source of spectral width narrower than that of the absorption
feature. The spectral width of single mode emissions at A. = 1564.17 nm (R13), 1564.75
nm (R12), 1565.35 nm (Rll) and 1565.98 nm (RIO) were determined and compared
with estimated values of the CO absorption spectral widths. Typical spectral widths of
0.10 nm to 0.14 nm were achieved for well-aligned cavities.

Unfortunately these

spectral widths are much greater than the estimated spectral width of the CO absorption
feature. Methods for reducing the spectral linewidth were investigated. Good cavity
alignment reduces spectral width. To improve the cavity alignment, the diode laser was
collimated over a long pathlength of several metres. Mirrors were used to extend the
pathlength by reflecting the beam back and forth, thereby allowing the beam output to
be observed close to the ECDL. The cavity length of the ECDL was adjusted from 3 cm
to 1.8 cm. The spectral widths were recorded for each length to determine the effect of
cavity length on the spectral width of the ECDL emission and mode spacing and is
discussed further in Chapter 4. The minimum cavity length of 1.8 cm was selected for
use in attempted measurements of CO absorption spectra. The quality of the diffraction
grating also affects the spectral width of the emission. The resolving power of a grating
is proportional to the number of lines illuminated. A diverging lens was inserted into
the extended cavity to increase the number of grating lines illuminated and, thereby,
reduce the spectral width of the first-order beam diffracted back into the cavity.
However, the intensity of light reflected back into the cavity after two passes though the
diverging lens provided insufficient optical feedback.
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An optical spectrum analyser was also used to measure the maximum scanning
range of the adapted kinematic mount (illustrated in Figs. 3.2 and 3.3) and the
eommereial piezoelectric kinematic mount. It was initially thought that the scanning
range of the ECDL would be limited by the maximum displacement that could be
generated by applying a voltage to the piezo element. Replacing the adapted kinematie
mount with the commercial piezoelectric mount showed very little, if any, improvement
to the maximum possible scanning range of the ECDL. However, the commercial
piezoelectric kinematic mount had greater mechanical stability than the adapted mount.
The plates of the adapted mount were often held at a separation that was greater than
intended for the Thorlabs design, making cavity alignment adjustments difficult if the
piezo element were dislodged. The scanning range appeared to be limited by the ability
of the cavity to maintain a stable lasing mode. It was attempted to improve cavity
stability by reversing the blaze direetion of the diffraction grating. With the blaze
direetion facing into the cavity, the diode laser experiences increased optical feedback.
Improved stability of the single lasing mode is experienced at the eost of redueed optical
power output in the zeroth-order. Speetra were recorded for both arrangements of the
blaze direction. It was seen that a higher piezo driving voltage and greater displaeement
were achieved for the blaze direction into the cavity. Spectra illustrating this result are
presented in Chapter 4.

This direetion was therefore used for all absorption

spectroseopy measurements detailed in Section 3.5.

3.5

Absorption Spectroscopy Measurements

The gas cell used in the experiment was a Specac 5000 series, 10 cm long Pyrex cell.
Sodium chloride windows were used because of their low absorbanee at infrared
wavelengths. The gas cell was filled by opening both gas inlet ports and allowing CO
to flow through and flush air from the cell. Both inlet ports were closed as quiekly as
possible after detaching the gas cell from the CO supply. This method allowed the eell
to be filled with approximately 100% concentration of CO at atmospheric pressure. The
sodium chloride windows are hygroscopic and on exposure to moisture the optical
quality of the windows is reduced. To help prevent window degradation, the filled gas
cell was stored in a reasonably airtight box containing silica-gel as a drying agent. A
CO sensor card stored in the box demonstrated that CO was leaking from the gas eell.
The gas cell was filled before tests to ensure a good concentration of CO was present.
Several tests were conducted to try and observe evidence of absorption by the CO in the
gas cell. The output from the diode laser was passed through two beamsplitters to a
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multimode fibre optic cable, which was connected to the optical spectrum analyser. The
fraction of light reflected from the first beam.splitter was passed though a neutral density
filter to the gas cell containing the CO sample. A gold mirror was used to return the
beam through the gas cell, doubling the absorption path length to 20 cm before entering
the photodetector (Thorlabs PDA 400). The fraction of light reflected off the second
beamsplitter was passed directly to the second photodetector (Thorlabs DET 410),
which was used to measure the ‘non-absorbed’ output from the ECDL. The ECDL, gas
cell and photodetectors were set up as illustrated in Fig. 3.4.

Figure 3.4 - Plan view showing equipment layout for a double pass through tlie gas cell. (Key: 1 Laser
Mount, 2 Beam Splitter, 3 Neutral Density Filter, 4 Gas Cell, 5 Fibre Optic Connector, 6
Photodetcctor).

The ECDL was tuned to wavelengths of Z = 1564.75 nm (R12) and A. = 1565.35
nm (R11). The piezo was driven by a sawtooth waveform voltage with a peak-to-peak
amplitude of 15.04 V yielding a maximum scanning range for the ECDL for a
frequency range between 0.2 Hz and 100 Hz. The lower frequencies (between 0.2 Hz
and 2 Hz) were found to induce less instability in the lasing mode allowing continuous
operation at the same wavelength for up to 10 minutes before tuning was required. The
lower frequency also made it easier to record the emission spectra at each extreme of
the scanning range and thereby estimate the maximum scanning range of the ECDL by
using the optical spectrum analyser.
The measurements described above were repeated for a longer path length of 40
cm through the gas cell. A concave gold mirror (Edmund Optics 45606) with a focal
length of 10 cm was used in combination with plane gold mirrors to increase the path
length. A combination of the diameter of the gas cell (5 cm) and the width of the
Thorlabs kinematic mirror mounts (5 cm) limited the maximum number of passes
through the gas cell to four. The collimation of the output beam from the ECDL
appears to be worse after passing through the gas cell four times. A convex lens was
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needed to focus the beam transmitted through the gas cell onto the active area of the
photodetector. Several tests were conducted for lasing wavelengths

of A =

1564.17 nm

(R13), 1564.75 nm (R12), 1565.35 nm (Rll) and 1565.98 nm (RIO). The scanning
range of the ECDL was well-established from measurements made previously and a
slightly higher scanning frequency of 29.4 Hz was used.

Fig. 3.5 illustrates the

arrangement of optical components for a path length of 40 cm as described above.

Figure 3.5 - Optical arrangement for a 40 cm path length through the gas cell. (Key: 1 Gold Mirror, 2
Gas Cell, 3 Concave Gold Mirror, 4 Focussing Lens, 5 Photodetcctor).

The combination of the small scanning range of the ECDL and the broad
spectral width of the single-mode output (compared with the linewidth of the absorption
feature) was thought to hinder detection of the absorption signal. Instead of scanning a
small wavelength range with the piezo, temperature tuning was used to shift the entire
lasing mode away from the wavelength where absorption was expected.

The

transmitted light intensity through the gas cell was measured for pairs of wavelengths
where absorption would and would not be expected. Data for each pair of wavelengths
were then compared to determine if absorption was present. The series of tests to
establish evidence for absorption was conducted by first tuning the ECDL to a
wavelength where CO absorption was expected. Small adjustments to the drive current,
diode laser temperature and horizontal positioning screw were made to ensure a stable
lasing mode.

Each optical component was adjusted so that the maximum signal

intensity was registered by the photodetector. The transmitted light intensity and the
spectral image of the single, lasing mode were recorded simultaneously. The signal to
the photodetector was blocked and a value for the background illumination was also
recorded. The ECDL was then temperature tuned to a wavelength where no absorption
by CO or other atmospheric gas species would be expected. No adjustments were made
to the alignment of optical components or to the drive current for the diode laser.
Measurements of the transmitted light intensity and the spectral image of the lasing
mode were repeated. The measurement process for a pair of ‘absorbing’ and ‘non
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absorbing’ lines was then repeated for other wavelengths where CO was expected. The
results of these experiments are presented in Chapter 4.

3.6

Interfacing the ECDL using LabVIEW

The Thorlabs thermoelectric mount, the Wavelength Electronics current driver and
temperature controller, the piezo element and the photodetector have been interfaced to
a PC using National Instruments LabVIEW software. There were a number of specific
program requirements for the ECDL Control virtual instrument (vi) program and these
will be outlined in the following.
Adjusting a twelve-turn trimpot on the MPL current drivers sets the current to
the diode laser and another one sets the current limit values. The program must display
the changes in diode laser driver current and current limit values as they occur. The
value of the monitor photodiode current is obtained via a power monitor connection on
the MPL and this must also be displayed.

Adjusting a similar pair of twelve-turn

trimpots on the MPT temperature controller regulates the preset temperature value and
the proportional gain of the temperature sensor. The preset temperature and the actual
temperature should also be displayed. When a diode laser enable pin connection on the
MPL experiences a voltage between 3 V and the maximum power supply voltage of
15 V, the output current to the diode laser is safely ramped up to the current setpoint in
approximately 500 ms. The facility for enabling the diode laser needs to be controlled
from the PC using LabVIEW.

The program also displays a signal from the

photodetector in real time and can acquire and save the data from the photodetector in
Excel compatible format. Finally the program can generate a sawtooth voltage with
variable frequency and amplitude to drive the piezo element.
The data acquisition (DAQ) card used was a Lab-PC-l200 National Instruments
device. The Lab-PC-1200 cards have eight analogue input and two analogue output
channels. The voltage input range is software programmable for 0 - 10 V or ±5 V. To
fully utilise all functions offered by the Wavelength Electronics products, features such
as current modulation or use of the AD590 temperature sensor circuitry require more
than two analogue output channels.
The MPT and the Thorlabs thermoelectric mount both support use of an AD590
temperature transducer and a lOkH NTC thermistor. Use of the AD590 is preferable
because, unlike a thermistor, the resistance across the AD590 is directly proportional to
the diode laser temperature in degrees Celsius. However, the AD590 circuitry in the
MPT requires biasing with -1-8 V. The power supply for the MPT is rated at -i-5 V so this
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biasing would be most conveniently achieved by using LabVIEW to output this voltage
from a third analogue output channel. In the absence of sufficient channels, the MPT
has been configured for use with a thermistor.

The MPT subprogram contains a

conversion calculation based on data supplied by Thorlabs for their thermistor.
A LabVIEW program ECDL Control.vi was written. This allows the user to
view information about the operational status of the diode laser, switch the laser on and
off, view and acquire data from the photodetector and control the piezo driver amplitude
and frequency. The user interacts with the PC via a front panel as shown in Fig. 3.6.
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Figure 3.6 - Front panel for the ECDL Control.vi program.

The front panel contains a switch labelled Laser Enable. This allows the diode laser to
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be switched on and off while the program is running. The LED labelled Laser On
provides a visual indicator of the operational status of the diode laser. The STOP button
terminates the program, but can only do so when the Laser Enable switch is in the off
position. The Abort button on the Lab VIEW tool bar is not visible when the program is
running and has been hidden to prevent termination of the program before the diode
laser has been switched off.

Eive digital indicators display the diode laser preset

temperature (°C), actual temperature (°C), monitor photodiode current (mA), current
limit (mA) and the driving current (mA). The waveform graph labelled Photodetector
displays the real time voltage signal from the photodetector. The photodetector signal
may be acquired and saved in an Excel spreadsheet format by pressing the Acquire Data
switch. The number of data points to acquire may be entered into the digital control and
this value can be changed at any time while the program is running. During acquisition
the photodetector pauses operation while the user is prompted to enter a file name to
which data is saved. An immediate graph of the data acquired is displayed in the
Acquired Waveform graph. The x-axis of the graph is set to scale automatically to
accommodate the number of data points acquired. The Piezo Controller dial controls
the piezo driver frequency and the digital indicator displays the operating frequency in
Hertz. The Piezo Amplitude digital controller controls the peak-to-peak piezo amplitude
voltage. Both the frequency and the amplitude of the signal can be adjusted while the
piezo driver is running. One of the lowered boxes displays the device and channel
number information used by LabVIEW in the data acquisition process. The other box
displays the operating speed of the main while loop on the LabVIEW diagram. An LED
lights when the loop speed is too slow indicating that the program is not running
efficiently.

Changing the value in the digital control labelled Adjust changes the

operating speed of the second while loop in the LabVIEW block diagram and can
improve performance if the Loop Too Slow LED is lighting.
Fig. 3.7 shows the block diagram for the ECDL Control.vi program. The block
diagram contains LabVIEW data acquisition and output vi’s and two while loops
containing five vi’s written to control the ECDL and manage data acquisition from the
photodetector.

LabVIEW’s intermediate analogue input data acquisition vi’s AI

Config.vi, AI Start.vi and AI Single Scan.vi have been used to manage the data
acquisition in this program. AI Config.vi configures the hardware for the analogue input
operation. AI Start.vi starts the analogue input operation and AI Single Scan.vi returns
one scan of data from the analogue input channels of the PC 1200 DAQ board upon each
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Figure 3.7 - Block diagram for the ECDL Control.vi program.
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iteration of the while loop. The AI Config.vi buffer size input and the AI Start.vi scan
number input have both been set to zero, thereby initiating continuous acquisition. The
data remaining output on the AI Single Scan.vi is connected to the Loop Too Slow
indicator on the front panel. The data remaining connection outputs a ‘1’ when data
remains in the First In First Out (FIFO) memory buffer and a ‘0’ when the FIFO is
empty. The main while loop is synchronised to the analogue input scan rate.

If the

main while loop is running more slowly than the acquisition rate specified by the scan
rate in AI Start.vi, then the FIFO will not be emptied and data will be lost. Small data
losses in the main while loop are not critical because its primary function is to control
the ECDL and not gather data.

However, the maximum frequency of the sawtooth

waveform is dependent on how quickly the main while loop iterates so the Loop Too
Slow LED on the front panel is useful for monitoring the program efficiency. The
hardware timed loop speed can also affect the operating speed of the second parallel
software timed while loop. Introduction of a software delay using LabVIEW’s Wait
until Next ms Multiple.vi (see Fig. 3.7) balances the CPU load and allows time for the
second loop to iterate, preventing interruptions in the display of the real time
photodetector signal and data acquisition. To reduce loop speeds to a minimum, the
sweep chart update mode is used to refresh the photodetector and piezo driver graphical
display.
Data enters the while loops via the waveform data outputs in the AI Single-Scan
vi as a seven dimensional array. The data is then passed to an index array, which
returns the element of the array specified at the index connection.

Data from the

appropriate analogue input channel on the DAQ card is passed to its respective sub vi
on the block diagram. Sub vi MPL pins II & IS.vi displays the monitor photodiode
current and the current limit value. The block diagram of the sub vi shown in Fig. 3.8
includes the transfer function given by Wavelength Electronics to calculate the voltage
UO.OhHonitor Photodiode pin 111

►

Honitor Photodiode!

100.0?
[Current Limit pin lOlCl-J >-------------------------- .................

■ T—- [Current Limit [nnA]|

[Subtract Linear Factof] jl61.9'-----------------

Figure 3.8 - Block diagram of the MPL Monitor pins 11 & 13 sub vi.

to current conversion and subtraction of a linear factor of 161.9 mA ensuring the current
at the MPL monitor photodiode and current limit connection pins matches the value
displayed by the program. The diode laser temperature preset and sensor values are
read into the MPT pins II & 72.vi.

A transfer function provided by Wavelength
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Electronics is used to convert the voltages at the MPT temperature preset and sensor
connection pins to values of resistance in kQ. The calculated values of resistance are
passed to a formula node, which then calculates the corresponding temperature value for
the Thorlabs TCLDM9 thermistor. Fig. 3.9 shows a third degree polynomial trend line

Figure 3.9 - Thermistor data and fitted trend line.

fitted to the thermistor temperature as a function of resistance data and used to generate
the equation used in the formula node in the MPT pins II & IS.vi block diagram (Fig.
3.10).

►

[Temperature Sensor]

[Temperature Sensor pin

■[MI --->

[■QQE-4]-----

fToOPl

Figure 3.10 - Block diagram for the MPT pins 11 & IS.vi sub vi.

The Laser Enahle.vi sub vi allows the user to switch the diode laser on and off
as well as displaying the drive current to the diode laser. The MPL requires a voltage of
between +3 V and +12 V at the laser enable pin connection before the MPL will drive
current through the diode laser. A case structure on the block diagram of the sub vi
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outputs a numerical value of ‘4’ if the Boolean state of the Laser Enable switch on the
front panel is true and zero if the front panel switch is false. The numerical output is
passed to Lab VIEW’S AO Write One Update.vi which writes a single voltage value to
the laser enable pin of the MPL, which in turn enables/disables the diode laser. The
Laser Enable switch and the STOP button on the front panel are connected using an OR
operator, which prevents the STOP button from working unless the Laser Enable switch
is off. The STOP button is connected to the second while loop via a global variable
which terminates both while loops simultaneously when activated. Fig. 3.11 shows the
block diagram for the Laser Enable.vi sub vi.

The Piezo Driver.vi sub vi generates a sawtooth waveform by continuously
counting down from a value provided by the Piezo Amplitude input to zero in a number
of steps equal to the No. of data points value. Each iteration of the while loop produces
a numerical value which is written to the specified analogue output channel using AO
Write One Update, vi. Tht frequency output displays the real operating frequency by
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inverting the product of the loop speed and number of data points. The piezo frequency
is not calculated if the loop speed is faster than one millisecond but this is prevented by
the software delay in the main loop. The block diagram for the Piezo Driver, vi sub vi is
shown in Fig. 3.12.
illisecond timer value
ut to ShiPt Register 1
hu32

[in Prom Shift Register l|

Speed [msl|

-*>

Ifrequency [Hzll

lli^----------

- ►SsTii

lln Prom Shift Register^

biezo Amplitude [V]|

|Out to Shift Register 2|

- »mn;

DBl ►r-f'ia
■l

931

►-

biezo Driver Qutputl

►

Hi 132

hiezQ Controller!

|Nq of data points |

- ► iST' i

Figure 3.12 - Block diagram for the Piezo Driver.vi sub vi.

The Photodetector.vi sub vi in Fig. 3.13 is placed in the second software-timed
while loop and continuously displays the real time signal from the photodetector as well
as saving data when required.

To acquire data, the case structure’s true condition
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must be met by setting the switch on the front panel to Acquire Data. The for loop
inside the case structure then iterates a number of times equal to the input No. of data
points to save. The data is then written to the acquire waveform chart and to a file in an
Excel spreadsheet format using Lab VIEW’S Write to Spreadsheet File.vi. The time
scale on the x-axis of the acquired waveform chart can be calculated from the product of
the loop speed in milli-seconds given hy Adjust and the No. of data points to save.
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Chapter 4: Results
4.1

Free-Running Laser

Data were collected for the free-running diode laser to determine the threshold current
{1th) value, lasing wavelength and spectral width. The values were compared with the

specifications of the FLO-502 diode laser supplied by Laser Components.
Fig. 4.1 shows a typical LI curve for the FLO-502 diode laser operated at a
temperature of 25°C. The value of the threshold current is determined from the point

Figure 4.1 - LI curve for the FLO-502 diode laser at 25°C.

at which the graph intercepts the current axis. The threshold current for the diode laser
was measured on six occasions at 25°C. Averaging the threshold current results gave a
value of Ith = (23.4 ±0.1) mA, which compares favourably with the value of 23 mA
from the diode laser specifications.
The plot in Fig. 4.2 shows a typical spectrum for the free-running FLO-502
diode laser, recorded at a temperature of 25°C and using the maximum recommended

Figure 4.2 - Typical spectrum for free-running FLO-502 diode laser.

drive current of 85 mA.

The diode laser demonstrates multimode operation with a

number of modes being dominant, the strongest of these having a wavelength of
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1558.32 nm. Specifications for the diode laser state an expected lasing wavelength of
1560 nm for these operating conditions. Typical recorded spectral widths for the freerunning diode laser range from 4.14 nm at 70 mA down to 0.14 nm at 30 mA as shown
in Fig. 4.3.

Laser Components did not explicitly specify the spectral width of the

Figure 4.3 - Comparison of linewidths for the free-running diode laser at different driving currents.

FLO-502 diode laser. A value for the spectral width of approximately 4 nmi is expected
from inspection of the emission spectrum supplied with the diode laser. The general
trend is for the spectral width to increase non-uniformly as the driving current is
increased, since more energy is available within the cavity, thereby increasing the
intensity of all the potential lasing modes. Weaker longitudinal modes become more
detectable by the spectrum analyser and the measured spectral width of the gain
envelope increases. The longitudinal mode separation has been determined from the
spectrum in Fig. 4.2 as having a value of 0.57 nm at 25°C.

4.2

Tuning the Diode Laser

The wavelength dependence of the diode laser on current can be demonstrated by
observing spectra for the diode laser at different operating currents for a fixed
temperature. The general trend seen in Fig. 4.4 shows that as current is increased for

Figure 4.4 - Wavelength dependence on diode laser driving current.
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a fixed temperature, the lasing wavelength increases. This increase is unpredictable
since changing the driving current changes the optical index of the diode laser cavity.
Mode hopping occurs as modes adjacent to the dominant mode become more
favourable. The result is unpredictable and leads to discontinuous tuning by varying the
injection current. The dominant lasing mode on average current tunes by 0.13 nm mA'*
at 25°C. The current tuning rate is temperature dependent and decreases by 2.7 x 10’^
nm mA’* °C'* as the operating temperature of the diode laser is increased. The diode
laser is increased can also be tuned by varying the operating temperature of the device.
Fig. 4.5 shows the linear relationship between the wavelength of the dominant lasing

Figure 4.5- Wavelength dependence on diode laser operating temperature.

mode and the diode laser temperature. Temperature adjustment changes the effective
refractive index of the medium and shifts the gain curve, thereby changing the resonant
condition of the cavity. Unfortunately, tuning is not continuous and longitudinal mode
hops may be encountered making it impossible to tune a diode laser to a specific
frequency. The peak lasing mode of the diode laser temperature tunes by approximately
0.53 nm °C -I

4.3

Coincidental Mode Spacing

At certain combinations of current and temperature, the mode spacing of some of the
competing longitudinal modes for the free-running diode laser approximately matches
the spacing between absorption lines R13 (1564.168 nm), R12 (1564.746 nm), Rll
(1565.35 nm), and RIO (1565.982 nm). The same mode spacing between successive
dominant longitudinal modes is also apparent when the external cavity is used. The
operating conditions for current and temperature under which the longitudinal modes
match the absorption lines R13 to RIO are slightly different for the free-running laser
compared with the diode laser operated in the external cavity. Fig. 4.6 illustrates the
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mode spacing described for the diode laser operated with a current of 65 mA and at a
temperature of 35°C.

Figure 4.6 - Modes of free-running diode laser coincident with CO absorption lines R13 to RIO.

4.4

Characteristics of the ECDL

To produce a stable, single-mode output from the ECDL the grating must be carefully
aligned so that the first-order beam diffracted from the grating is directed back into the
diode laser. The quality of alignment can be assessed by determining the threshold
current for the ECDL from a LI curve and comparing it to the threshold current for the
free-running diode laser.

A threshold current reduction of approximately 10% is

expected for an ECDL with good cavity alignment [SAC92]. Fig. 4.7 shows a typical
LI curve for the ECDL at 25°C. The data for the ECDL shows more divergence from

Figure 4.7 - LI curve for the ECDL operating at 25°C, I,h = 21.2 mA.

the linear LI slope than the data for the free-running laser. A linear LI slope is desirable
because it is a characteristic required for high sensitivity measurements using harmonic
detection [WEL02]. The threshold current for the ECDL alignment was calculated to be
21.2 mA, which is 9.4% less than the average threshold current for the free-running
laser. This reduction in threshold current indicates good cavity alignment. Good cavity
alignment can also be easily observed by using an optical spectmm analyser. Fig. 4.8
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compares spectra at a diode laser temperature of 37.0°C for a 1.8 cm well-aligned and
misaligned cavity. The single-mode produced by the aligned cavity at X, = 1565.30 nmi

Figure 4.8 - Comparison of spectra for an aligned and misaligned 1.8 cm cavity.

with a spectral width of 0.11 nm, is narrower than the dominant mode for the
misaligned cavity at X = 1565.26 nm, which has a spectral width of 0.14 nm. The
wavelength of the cavity output has also changed slightly as a result of the improved
cavity alignment.
4.5

Calculation of the Free Spectral Range for the ECDL

The wavelength of oscillation for a semiconductor diode laser is determined by the
cavity resonances, which are affected by changing the temperature or driving current of
the diode laser. The extended cavity containing the diode laser can be tuned to allow
one of the diode’s lasing modes to dominate.

The separation between successive

resonant modes is referred to as the free spectral range (FSR) of the cavity.

As

previously mentioned the ECDL can be tuned by changing the diode laser driving
current, the diode laser temperature or by adjusting the cavity length by applying
mechanical pressure (e.g. using a piezoelectric actuator).

To measure the mode

separation for the ECDL, slight misalignment of the cavity causes the longitudinal
lasing modes to gain strength as seen in Fig. 4.8. The mode separation for the ECDL
can then be determined from the spectrum in the same way as for the free-running laser.
Alternatively, the FSR of the cavity can be calculated using the following:

A'
SA =

2nL V
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T dn
n dA

-1

(4.1)

where A is the wavelength of light within the cavity, L is the cavity length and n is the
refractive index of the cavity. By making the assumption that the cavity material is air
with n ~ 1 the calculation of the free spectral range SA becomes

SA =

(4.2)

2L

The extended cavity length can be varied from its minimum value of 1.8 cm to its
maximum value of 3.0 cm as determined by the length of the rods which make up the
cage assembly and the clearance of the reflected beam off the mirror glued to the base
plate. Table 2 shows the expected values of the FSR for different lengths of the external
cavity. The FSR is too small to allow individual modes to be fully resolved by the
Table 2 - Predicted values of the FSR for different cavity lengths.

Cavity Length [+/- 0.05 cm]

Predicted FSR [nm]

3.0

0.04

2.7

0.05

2.4

0.05

2.1

0.06

1.8

0.07

spectrum analyser, but secondary peaks within the envelope of a main peak can be
observed on occasion. Fig. 4.9 shows a spectrum for the FLO-502 diode laser operating
with an approximate total cavity length of 2.4 cm for a current of 63.8 mA and

Figure 4.9 - Unresolved peaks within the single-mode spectrum for the aligned ECDL.

a temperature of 37.0°C. Two peaks at 1565.32 nm and 1565.37 nm are apparent
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though not fully resolved, yielding a separation of 0.05 nm. From Table 2 the expected
value of the FSR is also 0.05 nm.
Fig. 4.10 shows a spectrum with an approximate total cavity length of 3.0 cm for
a current of 45.3 mA and a temperature of 37.0°C. Three peaks are apparent although

Figure 4.10 - Three unresolved peaks within the single-mode of the ECDL.

again only partially resolved. Peak 1 appears at 1565.98 nm, peak 2 at 1566.01 nm and
peak 3 at 1566.05 nm. The average mode separation gives a FSR of 0.04 nm, which
compares favourably with the value in Table 2. The ECDL was operated with a short
cavity for all experiments because of the observed increase in longitudinal mode
spacing and an anticipated increase in mode stability [ANDOO].

4.6

Effect of the Grating Blaze Direction on Longitudinal Mode Stability

One drawback to diode lasers is the detrimental effect of stray reflections on the spectral
quality and lasing wavelength of the emitted radiation.

By purposefully directing

radiation with the correct qualities back into the diode laser cavity the spectral linewidth
can be narrowed and the dominant longitudinal mode is made more stable, thereby
reducing the occurrence of ‘mode hopping’. Longitudinal mode stability is required if a
continuous tuning range is to be achieved by means of rotating the grating. Continuous
tuning across the width of a molecular absorption line is a requirement for observing
absorption spectroscopy features. Some diffraction gratings are blazed and the direction
of the blaze affects the degree of optical feedback achievable. A blazed grating has a
groove profile, which is asymmetric.

Diffracted radiation from the grating will be

optimised in the direction of the blaze. Fig. 4.11 illustrates a diffraction grating with the
blaze direction out of the cavity. For the purposes of this experiment the blaze angle
was chosen to be the same as the Littrow angle, hence the grating has a high efficiency
along the path of the laser beam. In this case, the relative intensity of the output will be
increased. A cavity with good alignment experiences more optical feedback than a
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Diode laser output
and first-order
beam diffracted
back into laser

Diffracted zerothorder beam out of
cavity

Figure 4.11 - Orientation of diffraction grating with respect to the incident beam.

poorly aligned cavity, resulting in more stable longitudinal modes and improved
spectral line quality. In a similar way, by orienting the blaze direction into the cavity,
the laser will experience more optical feedback, which will increase the mode stability
but at the expense of a reduction in optical power output [CONGO].

4.7

Observed Spectra

Spectra in Fig. 4.12 show the maximum continuous tuning range achievable with the
orientation of the blaze direction out of the cavity. The spectrum analyser takes a finite

Figure 4.12 - Maximum and minimum wavelength emission for the ECDL produced by a piezo operating
at lOV. Grating blaze direction is out of cavity.

amount of time to scan each spectrum (approximately 1 second) so it is difficult to
attain spectra for precisely the maximum and minimum wavelengths of the piezo scan.
The measured wavelength range in this instance was 0.010 nm. The applied voltage
from the piezo produced a stable mode at 10.00 V. A small increase in applied voltage
to 10.10 V resulted in the mode becoming unstable. The relative intensities of the two
peaks at 10.00 V are slightly different, which tends to precede a change from single
mode to multimode lasing as the longitudinal lasing mode shifts to the adjacent mode.
Spectra in Fig. 4.13 show the maximum continuous tuning range with the
orientation of the blaze directed back into the cavity. The maximum applied piezo
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voltage for a stable mode was 16.33 V.

As stated above the maximum range is

impossible to precisely determine but is at least 0.012 nm in range. Increasing the
voltage beyond 16.33 V resulted in mode instability. Maximum tuning ranges of 0.01
nm were achieved by Conroy et al. [CONOO] for ECDLs operating at 635 nm and 670
nm for well-aligned cavities. This compares reasonably with our measured maximum
value of 0.012 nm. The maximum voltage at which the stability of a lasing mode

Figure 4.13- Maximum and minimum wavelength emission for the ECDL produced by a pie/o operating
at 16.33 V. Grating blaze direction is into cavity.

breaks down cannot be defined precisely since mode stability is also dependent on the
quality of the initial cavity alignment and minute current and temperature changes.
Stability is retained at a substantially higher voltage, however, for a blaze orientation
directed into the cavity. This will allow a greater tuning range to be achieved by means
of applying a higher voltage to the piezo element.

4.8

Observation of CO Absorption Line

From the Becr-Lambert law (c.f. Chapter 2) it is known that increasing the value of the
path length, /, of radiation transmitted though a gas sample will increase the level of
absorbance, making the CO line easier to detect. Data was collected for path lengths of
20 cm and 40 cm. The cavity geometry and diode laser characteristics made tuning to
four lines in the CO overtone band feasible. Tuning to one of the stronger absorption
lines in the 0^3 second overtone R band may also enhance the detection of CO. Fig.
4.14 shows simulated spectra for CO lines R13 (1564.17 nm), R12 (1564.75 nm), Rll
(1565.35 nm) and RIO (1565.98 nm) using line strength data from the HITRAN
database.
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CO HITRAN Linestrengths for R13, R12, R11 & RIO.

Figure 4.14- Line strengths for CO lines R13, R12, Rll and RIO using HITRAN data.

4.9

Results for 20 cm and 40 cm Path Lengths

The ECDL was tuned to 1565.35 nm, which coincides with the absorption line R(J) 11.
Fig. 4.15 shows the relative intensity of light detected by the photodetector for an
optical path through air and through the gas cell. The photo-voltage has been recorded

Figure 4.15 - Relative light intensity at photodctcctor using a piezo scan of frequency 0.4 Hz at a voltage
of 15.04 V.

using a Tektronix TDS 3012 scope. An asymmetric, triangular wave voltage, with an
amplitude of 15.04 V, drives the piezoelectric element. The frequency of the oscillation
was 0.4 Hz and kept purposefully low to allow spectra to be simultaneously recorded by
the spectmm analyser.

Subtraction of the ‘non-absorbance’ signal from the second

photodetector proved unhelpful in revealing evidence of absorbance or reducing the
signal noise. The gas cell was removed and the signal for a 20 cm optical path in air
was recorded. The relative intensity of the light after passing through the gas cell is less
than that for the same optical path through air alone because the windows are not anti
reflection (AR) coated.

Deterioration of the sodium chloride windows caused by

absorption of water moisture from the air has also reduced their transparency
marginally, resulting in the observed drop in intensity. Comparison of the two signals
by adjusting the relative intensity and then subtracting one signal from another showed
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no evidence of absorption. A large amount of noise is apparent on both traces at the
beginning of each cycle suggesting that the single lasing mode is just starting to lose
stability and that the ECDL was operating at the limit of its scanning range. Fig. 4.16
shows the sample spectra recorded on the spectrum analyser for this test. The spectral
peak at 1565.354 nm has a spectral width of 0.08 nm. The spectral width of the peak at
1565.340 nm is 0.09 nm and it appears to have a greater relative intensity than the
previous peak. A change of intensity in the piezo-driven, ECDL signal recorded by the
spectrum analyser has been observed to precede a loss of mode stability leading to a
mode hop. The change in spectral intensity recorded in Fig. 4.16 tends to confirm that
the noise evident at the beginning of each cycle in Fig. 4.15 is due to the start of a mode
hop.

Figure 14.16 - Spectra recorded for 20 cm path length test.

The ECDL was tuned to each of the four wavelengths corresponding to the R
lines 13, 12, 11 and 10.

Fig. 4.17 illustrates a typical signal recorded by the

photodetector for a 40 cm path length through the gas cell. The piezo element was

Figure 4.17 - Signal at photodetector for a 40 cm path length through the gas cell at A = 1565.35 nm.
Three cycles of the piezo driven signal labelled 1, 2 and 3 are shown.

driven by an asymmetric, triangular wave with a voltage of 16.11 V, the maximum
56

voltage possible while maintaining a stable lasing mode. A frequency of 29.4 Hz was
used, making it difficult to record accurate spectra for the maximum and minimum
wavelength values. From previous measurements at lower piezo frequencies a driving
voltage of the order of 15 V produces a scanning range of the order of 0.015 nm. The
emission wavelength for the signal illustrated in Fig. 4.17 was T = 1565.35 nm,
corresponding to the CO absorption line Rll. The spectral width of the laser for this
measurement was 0.16 nm.
For the 40 cm path length test it was not practical to remove the gas cell because
of the difficulty experienced in aligning the reflected beams and photodetector. Instead
the ‘non-absorbance’ signal from the second photodetector was subtracted from the
signal in Fig. 4.17. As for the 20 cm path length data, signal subtraction did not help
reduce the observed background noise or reveal evidence of absorption. The recorded
data were analysed by averaging the sections of Fig. 4.17 labelled 1, 2 and 3. These
sections were also superimposed on top of each other to try to reveal any repetitive
signal from within the noise. Neither method revealed any evidence of absorption by
CO for any of the recorded data for a 40 cm path length.
4.10

Comparison of Lines by Temperature Tuning

All data were initially analysed by subtracting the average background voltage from the
average voltage signal at the photodetector for the 40 cm path length through the gas
cell. Fig. 4.18 shows the relative voltage signals recorded at the photodetector for the
background, the ‘absorption signal’ though the gas cell at T = 1564.17 nm (R13
wavelength) and at T = 1563.31 nm. The signal level for T = 1564.17 nm is less than

Relative Voltage Signals at Photodetector
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Figure 4.18 - Relative voltage signals recorded by the photodetector for background illumination,
1564.17 nm and Xi = 1563.31 nm.

=

for A = 1563.31 nm suggesting that the presence of CO may have been responsible for
the reduction in observed intensity after passing through the gas cell. Tuning a laser can
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result in a change of output intensity [BRUOl]. The maximum relative intensities of the
signals recorded using the spectmm analyser for A = 1564.17 nm and A = 1563.31 nm
were 1.189 and 1.149 respectively. The differences in maximum intensity of the spectra
were compensated for by dividing each background-adjusted photodetector signal by
the maximum intensity of the emission spectmm recorded using the spectrum analyser.
For each pair of wavelengths, the absorption signal/intensity ratio was normalised with
respect to the wavelength for which absorption would not be expected.

To check

reliability, the calculations were repeated but the maximum intensity values from the
spectmm analyser were replaced with the monitor photodiode values. Fig. 4.19 shows
the normalised absorption signal/intensity values for X = 1564.17 nm (R13), X =
1564.75 nm (R12), X = 1565.35 nm (R11) and X = 1565.98 nm (RIO) for both sets of
calculations. To yield evidence of absorption, this m.ethod requires an outcome such

Figure 4.19 - Comparison of scatter in normalised data derived by dividing the absorption signal for a 40
cm path length by relative intensity of the output signal. (Key; ■ Background corrected normalised
absorption signal divided by the ECDL relative intensity output measured on the spectrum analyser.
O Background corrected normalised absorption signal divided by the ECDL relative intensity output
measured by the monitor photodiode).

that the normalised absorption signal/intensity ratio for an absorption wavelength is
always less than one.

Values for non R-line wavelengths are not shown since they

equal one by calculation. The reason for the spread of data above the dashed line in Fig.
4.19 is not clear. Two further graphs were plotted to help determine any trend in the
data collected. The non-normalised absorption signal values divided by their intensity
values for wavelengths where absorption would be expected are shown in Fig. 4.20.
Data points that were thought to show evidence of absorption as seen in Fig. 4.19 are
denoted ‘yes’ to distinguish them from data points not showing evidence of absorption
denoted ‘no’ in the key.

Fig. 4.20 shows no evidence of a trend between the

absorption/intensity data and the wavelength. Data plotted on a graph similar to Fig.
4.20 for the non-absorbing wavelengths also showed no evidence of a trend in the data.
Figure 4.21 shows the relationship between absorption/intensity data and temperature of
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the diode laser for each of the absorbing wavelength measurements. Plotting absorption
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Figure 4.21 - Data spread of ‘absorption signal’ divided by intensity values compared with the diode laser
temperature at the time of measurement. Data is denoted as ‘yes’ for points potentially indicating
absorption and ‘no’ for no absorption as in Fig. 4.20.

4.11

Discussion of Experimental Results

Two experimental methods were used to investigate the sensors capacity to detect the
presence of CO.

4.11.1 Absorption Measurements for Different Optical Path Lengths
The first experimental method is based on the Beer-Lambert law. This is a standard
method for measuring absorption whereby the intensity of radiation passed through a
gas sample of known concentration is measured and compared to the incident intensity.
If the optical path length through the gas sample is known then the absorbance can be
calculated.

The traces displayed in Figs. 4.15 and 4.17 for 20 cm and 40 cm path

lengths respectively show no evidence of absorption of CO at 1565.35 nm.
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The

position of absorption line Rll at 1565.35 nm is well documented by the HITRAN
database and other studies and therefore should be observable. The spectnim analyser
was used to measure the lasing wavelength of the ECDL and therefore determine the
operating wavelength for each absorption test. Although it is possible that the spectrum
analyser was not properly calibrated, this is unlikely because others used it for research
purposes.

A neutral density filter was used to reduce the intensity of the incident

radiation on the gas sample by approximately 80%. Reducing the incident intensity
prevents saturation of the gas sample leading to transparency of the gas at the
absorption wavelength as discussed in Section 2.1.

As discussed in Section 3.5,

discolouration of a CO sensor card demonstrated that the gas cell used in the experiment
was not completely gas tight. An estimate of the diffusion rate of the CO from the gas
cell was made based on the sensitivity of the CO sensor card and the volume of the
container storing the sensor card and gas cell. From the estimate a CO concentration of
greater than 80% should have been present in the gas cell for at least one week. The
cell was filled each day before tests to eliminate the possibility of low CO
concentrations.
The scanning range of the ECDL is small compared to the spectral width of the
CO absorption feature. To collect sufficient data to produce an absorption curve similar
to those in Figs. 5.2 and 5.4, the ECDL should scan across the entire absorption feature.
Fig. 4.16 shows sample spectra for the 20 cm path length absorption test at 1565.35 nm
[Rll]. The scanning range of the ECDL output for this test was 0.01 nm while the
anticipated FWHM spectral width of the R11 line at 1033 mbar is 0.0310 nm (3.8 GHz )
calculated from the pressure shift data by Henningsen et al. [HEN99]. Observation of a
full absorption feature is therefore not possible. Fig. 4.22 illustrates the problem using a

Figure 4.22 - Simulated CO absorbance line Rll with the maximum and minimum wavelengths of
simulated spectral output for a laser.

simulated CO absorption line for Rll with linewidth of 0.03 nm (FWHM).
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The

simulated spectral output for a laser also with linewidth of 0.03 nm is superimposed on
the CO absorption line. From the simulated data, it can be seen that a 0.01 nm width
scan will only travel across a small fraction of the CO spectral feature and therefore
only detect a small portion of the absorption curve.
Although in Fig 4.22 the simulated spectra for the laser has a similar linewidth
to the CO absorption feature this is not usually the case. The linewidth of the laser
output compared to the spectral width of the CO absorption feature has a significant
effect on the amount of absorption detected for a narrow scanning range. Fig. 4.23
illustrates a simulated CO absorption feature of linewidth 0.03 nm and compares the
effect of using a laser with a narrow and a wide spectral output. In both cases, the
spectral line of the laser has been tuned 0.015 nm away from the centre of the CO
absorption feature. From Chapter 2 it is known that the intensity of the spectral line is
related to the area under the absorption curve. Fig. 4.23a shows that less of the CO
absorption feature is illuminated by the laser output when the laser is tuned away from
the centre point by 0.015 nm. A full absorption curve would not be observed, but a

Figure 4.23 - Illustration of a laser with a (a) narrow and (b) wide spectral linewidth superimposed on a
simulated CO absorption feature of FWHM linewidth 0.03 nm. The spectral output for the laser is tuned
0.015 nm from the centre of the CO absorption feature.

change in intensity would be detectable for a laser scan of width 0.015 nm. By contrast.
Fig. 4.23b shows that even though the laser peak has been shifted by 0.015 nm, almost
the entire absorption peak is still illuminated by the laser output. In this case the change
in intensity would be very small and therefore difficult to measure against background
noise. From Fig 4.16 it can be seen that the real linewidth of the ECDL output of 0.09
nm was much bigger than the anticipated linewidth of line R11 (0.03 nm). Combined
with a small scan range of 0.01 nm the inability to detect a change in intensity of the
transmitted radiation is not surprising. In different tests, the spectral width of the ECDL
was found to vary from about 0.2 nm down to 0.08 nm although it was quite difficult to
achieve spectral widths of less than about 0.12 nm. The spectral width of the output
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was also seen to fluctuate when the ECDL was being operated near the maximum of its
scanning range thereby masking potential changes in intensity and making them
difficult to detect.
The results for the 40 cm path length showed no evidence of absorption. The
absorbance for this experiment should be double the absorbance for the 20 cm path
length as is expected from the Beer Lambert law (Eqn. 2.5). However because of the
short scanning range and large spectral linewidth of the ECDL doubling the path length
was insufficient to observe evidence of absorption. Difficulty in aligning the ECDL
cavity and setting up the optical pathway for the 40 cm experiment meant that the
narrowest linewidth achievable was 0.15 nm, which further reduced the chance of
detecting absorption. Predicted absorbance levels for lines RIO-13 based on work done
at UMIST in Section 5.4 suggest that absorption by CO can be detected without the use
of lock-in amplification for a 40 cm path length in 100% CO at atmospheric pressure.
The predictions arc based on absorption measurements made using a single-mode diode
laser with a spectral linewidth of the order of 20 MHz. It was also possible to scan the
single mode laser across the entire width of the CO absorption line under test thereby
producing the maximum possible change in absorbance (from 0% - 100% - 0%).

4.11.2 Temperature Tuning the ECDL
A second experiment as described in Section 3.5 was conducted whereby measurements
of the transmitted intensity were made for absorbing and non-absorbing lines. Ordinary
wavelength tuning using the piezo element or coarse tuning by adjusting the coarse
positioning screws changes the output angle of the laser beam from the ECDL thereby
leading to alignment problems [HAWOl]. The total path length from the ECDL to the
photodetector was of the order of one metre. The active area of the photodetector has a
diameter of 1 mm and so a small change in the output angle could result in the beam not
fully centred on the photodetector, which would consequently register a drop in
intensity.

By temperature tuning the ECDL, the spectral lineshape of the laser was

shifted away from the absorption wavelength to a non-absorbing wavelength without
changing the output angle.

Each non-absorbing wavelength used was checked for

absorption by other gas species by referencing the HITRAN database. Some pairs of
lines appeared to offer evidence of absorption because the transmitted intensity for an
absorption wavelength was much less than for non-absorption wavelength as shown in
Fig. 4.18. Repetition of measurements demonstrated that on many occasions the non
absorption line had weaker intensity than the absorbing line, which therefore invalidated
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the evidence for absorption. The data illustrating this is shown in Fig. 4.19 where the
absorption signal/intensity ratio for each R line was normalised with respect to the
wavelength for which absorption was not expected. The intensity values used for the
first set of calculations were the peak values from the ECDL spectral output recorded on
the spectrum analyser. The intensity values for the second set of calculations were
taken from the diode laser’s monitor photodiode reading. Points generated from the
monitor photodiode data have a larger spread than those using the spectral intensity.
The spread in data from both sets of calculations also does not appear to have the same
pattern.

Since the monitor photodiode data and the ECDL spectra were recorded

simultaneously, this suggests that the fibre optic carrying the signal to the spectrum
analyser was not identically aligned for each set of measurements. The method used for
analysing the data in the second experiment depends on the transmitted/incident light
intensities for an absorption line divided by the intensities for a non-absorption line.
Fig. 4.20 shows an intensity-wavelength plot of non-normalised data points for
absorption wavelengths only.

Data points that potentially showed evidence of

absorption generally have less intensity on the graph than those data points that did not
indicate evidence of absorption. However there is no distinct cut-off intensity dividing
data points showing evidence of absorption compared to those showing no evidence of
absorption. This suggests that errors are present in the measurement of the absorption
intensities as well as in the non-absorption intensities. Fig. 4.21 shows there is no
relationship between intensity, the temperature of the diode laser and data points
showing potential evidence of absorption.
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Chapter 5: Measurement of Carbon Monoxide
Concentrations for lines P5 and P6
5.1

Introduction

The ‘Tunable Diode Laser’ group led by Dr. P Martin at UMIST in Manchester has
developed a prototype sensor for the measurement of CO in vehicular emissions. The
prototype sensor is described in the paper by Martin [MAR02].

As part of a

collaboration between CTT and the Tunable Diode Laser Group, a visit to UMIST was
arranged to become familiar with the operation of the prototype. The prototype sensor
uses a DFB diode laser, which operates in a single longitudinal mode. A series of tests
were conducted in the lab using a similar DFB diode laser to demonstrate absorption
spectroscopy of CO.

5.2

Experimental Set-Up for Laboratory Tests

The diode laser used for this experiment is a Specdilas D series 1580 nm device
supplied by Laser Components. The linewidth produced by the laser is of the order of
10 MHz with a maximum value of 20 MHz. Varying the current gives a tuning rate of
approximately 3.5 GHz mA'* and varying the temperature gives a tuning rate of 0.1 nm
°C‘^ The laser may be operated at a range of optical output powers from 1 - 5 mW.
The diode laser is housed in a Newport thermoelectric mount and is used in conjunction
with a Newport current driver and temperature controller. Fig. 5.1 is a schematic view
of the optical arrangement. The output from the Specdilas D series laser is directed
through a beam splitter, in order to enable a beam from a He-Ne laser to be

Figure 5.1 - Plan view of optical arrangement for absorption spectroscopy of CO. (Key: 1 Laser, 2 He-Ne
Laser, 3 Beamsplitter, 4 White Multipass Cell, 5 Photodetector).

superimposed on the same optical path for ease of alignment. Additional mirrors are
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included between the beam splitter and the gas cell to further facilitate alignment of the
system. The CO reference cell consisted of a White multipass cell with a path length of
5.30 m [HOL98]. A mirror was used to focus the laser onto the active area of the
photodetector on passing through the cell. The current driver, temperature controller
and photodetector were interfaced to a PC. Spectral data from the photodetector was
acquired directly by the PC and displayed in real time. Current-tuning and modulation
were controlled directly using the PC and the temperature was changed manually using
the temperature controller.
Detection of low concentrations of particular gaseous species in a gas mixture
including air often yields very low absorption signals. Lock-in detection can be used to
detect these AC signals that otherwise are hidden by noise. An AC signal of amplitude
0.1413 V pp and frequency of 41.9 kHz was used to modulate the laser diode driver
current. Modulating the driver current produces a wavelength modulated output from
the laser. When the laser is tuned across an absoiption line, the modulated laser output
is recognised as amplitude modulation of the absorption signal at the photodetector.
Amplitude modulation is proportional to the slope of the absorption line shape. A plot
of amplitude modulation versus laser wavelength reveals the first derivative (1/)
absorption line shape. In this experiment, lock-in amplification was used to extract the
second derivative {2f) signal by comparing the modulated optical signal from the
photodetector to a reference signal. A TTL reference signal from the same function
generator was used to ensure exactly the same frequency and phase between the
reference signal and the modulated signal.
A gas exchange system was used to introduce controlled quantities of CO into
the multipass cell at the required pressure. The multipass cell was first filled with 100%
CO at atmospheric pressure. This was achieved by evacuating the multipass cell and
then introducing pure CO back into the cell until atmospheric pressure was reached.
Later experiments used a COiair mixture of approximate ratio 12:88 again at
atmospheric pressure.

To obtain the COiair mixture, the multipass cell was again

evacuated and filled with CO to a tenth of atmospheric pressure.

Air was then

introduced by opening the multipass cell to atmosphere for about a second.

5.3

Experimental Results

Experiments were conducted to measure the absorption signal for P5 at 1579.74 nm and
P6 at 1580.83 nm for both pure CO and for a COiair mixture of approximate ratio 12i88
at atmospheric pressure. The direct absorption signal and the 2/ signal were acquired.
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The diode laser was scanned across the absorption feature by ramping the drive current
from 0 mA to 9 mA using a sawtooth waveform of frequency 10 Hz. The temperature
was maintained at one of two temperatures corresponding to a thermistor reading of
14.4 kQ (warm) for observation of P6 and 23.4 kO (cool) for observation of P5.

5.3.1

Carbon Monoxide Line P5

Measurements of the direct absorption signal and the 2/ absoiption signal were made for
CO line P5 (1579.74 nm) for 100% CO at 719.6 Torr and for a COiair mixture of
approximate ratio 12:88 at a pressure of 726.5 Torr. The scanning range of the diode
laser is much broader than the width of the absorption feature. In these experiments, the
broadness of the scan removes the need for a second photodetector to measure
background intensity. Data from either side of the absorption feature were used to
calculate the background intensity by adding a line of best-fit calculated from a third
degree polynomial fitting routine.

The relative absorbance was then calculated

according to the Beer-Lambert law, where absorbance is the log of the calculated
background signal divided by the absorption signal.

Fig. 5.2 shows the relative

absorbance for line P5 for 100% and 12% concentrations of CO.

Figure 5.2 - Relative absorbance for CO line P6 at 100% and 12% CO concentrations.

The relative absorbance for P5 at a concentration of 100% CO was 0.336 which
compares with a relative absorbance of 0.049 for CO at 12%. The strength of the direct
absorption signal makes 2/ detection unnecessary for a concentration of 100% CO at
atmospheric pressure with a path length of 5.30 m. The absorption signal from the 12%
CO test was much weaker making 2/ detection useful. Fig. 5.3 shows a 2/ absorption
signal for 12% CO at atmospheric pressure.
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Figure 5.3 - 2/absorption signal for 12% CO at atmospheric pressure.

5.3.2

Carbon Monoxide Line P6

Fig. 5.4 shows the relative absorbance for the CO line P6 (1580.83 nm) for 100% CO at
719.6 Ton* and for a CO:air mixture of approximate ratio 12:88 at a pressure of 726.5

Figure 5.4 - Relative absorbance for the CO line P6 at 100% and 12% CO concentrations.

Ton*.

Absorbance was calculated in the same way as for line P5.

The relative

absorbance for P6 at a concentration of 100% CO was 0.370. The relative absorbance
for the COiair mixture was 0.048.

5.4

Discussion

From results presented in Section 5.3.1, P5 has an absorbance of 0.336 at 100% CO and
an absorbance of 0.048 for 12% CO. Using the Becr-Lambert law, it is expected that
absorbance will be directly proportional to the concentration of CO present. Based on
the experimental value of absorbance at 100% CO above, an absorbance of 0.040 for
12% CO is expected.

The expected absorbance value corresponds to a CO
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concentration of approximately 14.5%.

Similarly from results presented in Section

5.2.2, for an experimental absorbance for P6 of 0.370 at 100% CO, an absorbance of
0.044 is expected. The actual value of absorbance was 0.049 corresponding to a CO
concentration of 13%.

The gas handling facilities for producing the CO:air mixture

were not precise and it is likely that the percentage CO present in the gas cell was
greater than 12%.

The gas cell was not thermally insulated and therefore was

susceptible to temperature fluctuations.

Fig. 5.5 shows experimental and scaled,

simulated, relative absorbance values for lines P5 and P6. The simulated absorbance
Simulated and measured absorbance values for CO

1579.50

1580.00

1580.50

1581.00

Wavelength [nm]

•Simulated

Experimental

Figure 5.5 - Simulated and experimental values of absorbance for CO lines P5 and P6.

lineshapes were generated using the Tunable Diode Laser groups Spectrum Simulation
& Fitting program.

The program predicts absorbance and linewidths based on line

strength data supplied by the HITRAN database.

The program also requires

specification of the path length, temperature, concentration, gas species and the pressure
broadening coefficient for the gas molecule being simulated.

The values for the

pressure broadening coefficients for CO lines R13, R12, Rll and RIO were obtained
from work by Henningsen et al [HEN99]. Pressure broadening coefficients for lines P5
and P6 were not available so the average pressure broadening coefficient of 0.06 cm'’
atm for the four R lines was used. The values of simulated absorbance did not show
good correlation with the experimental data and it was suggested by the group that
simulated absorbance values are only accurate for gas concentrations under 10%.
Scaling the absorbance of the simulated P6 data to match the experimental P6
absorbance value in Fig. 5.5 shows good agreement for simulated and experimental
absorbance lines for P5.
From the Beer-Lambert law it is known that absorbance is directly proportional
to the path length through the gas sample. The estimated absorbance for a path length
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of 40 cm is 0.028 using the experimental value of absorbance for P6 at 530 cm at 100%
concentration of CO. Scaling the absorbance value by comparing the P6 line strength to
the R13, R12, Rll and RIO line strengths from the HITRAN database allows an
estimation of absorbance values for the four R lines of CO to be made. Table 3 shows
predicted values of absorbance for CO. The estimated values of absorbance suggest that
Table 3 - Predicted values of absorbance for four R lines of CO for a path length of 40 cm at one hundred
percent concentration.

CO Line

Predicted Absorbance

RIO

0.033

Rll

0.030

R12

0.026

R13

0.023

a direct absoiption signal should just be observable if a diode laser of similar spectral
width to the Specdilas D diode laser is used in conjunction with a 40cm path length and
100% CO concentration.

5.5

Experimental Set-Up for Roadside Tests

The tunable diode laser group at UMIST have developed a successful prototype with the
capability of detecting CO levels in car exhaust fumes while the vehicle is travelling
past the sensor [BAR02]. The operation of the sensor was demonstrated as part of the
collaborative venture between CIT and the Tunable Diode Laser Group. The sensor
works by sending an infrared beam across the road to a retro-reflector which returns the
beam to a photodetector. When a vehicle cuts through the beam, the measurement cycle
is initiated. The system determines the concentration of CO in the exhaust once the
vehicle no longer blocks the beam.

5.5.1

Sensor Description

The diode laser is driven by a board level current driver and temperature controller. A
board level lock-in amplifier and noise filtering circuits are also included. The power
supply for the system comprises of two 12 V car batteries and a DC to AC converter.
The optical system consists of a visible laser used for aligning the system at the roadside
and an infrared diode laser for detection of CO. The infrared diode laser is a Specdilas
D series 1580 nm device and is identical to that used in the experiments outlined in
Section 5.2. Testpoint software is used to control the current, keeping it at a fixed value
while also modulating the current with a 10 Hz sawtooth waveform to enable the laser
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to scan over the width of the absorption feature. Temperature control prevents the diode
laser wavelength from changing. Optical components are secured inside a weatherproof
box. Fig. 5.6 illustrates the arrangement of the optical components for the sensor. The
arrangement of the electronic components is illustrated in Fig. 5.7. The optical system

Figure 5.6 - Arrangement of optical components used in the CO prototype sensor. (Key; 1 Newport
Laser Mount, 2 Beam Splitter, 3 Reference Cell, 4 Photodetector, 5 Autobalancing Detector, 6 Neutral
Density Filter).

contains a 15 cm long reference cell with an approximate gas mixture of 5% CO and 5%
CO2 in 90% of dry air. The CO line P5 (1579.74 nm) has been chosen for use in the
prototype because there is less interference from other gas species and because of its
proximity to a CO2 line. The C0:C02 ratio is required for an accurate calculation of
CO because the exhaust cloud has a variable height and variable dimensions. The ends

Open path
monitoring
beam

Photodetectors

Figure 5.7 - Block diagram showing the arrangement of electronic components in the prototype sensor,

of the gas cell and other optieal components are angled to reduce reflections back into
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the diode laser and thereby reduce optical noise. An auto-balancing detector is included
to equate the light levels between the reference beam and the beam returning to the
detector. The auto-balancing detector needs a graduated neutral density filter which is
adjusted manually.
5.4.2

Sensor Operation

The sensor is situated at the roadside at pavement level and a retro-reflector is placed on
the opposite side of the road for returning the laser beam. The visible laser is initially
switched on to facilitate system alignment and it follows an identical path to the infrared
beam. When the retro-reflector is well-aligned, the visible beam is switched off and the
neutral density filter is adjusted to optimise the image on the PC monitor. A video
camera is set up to capture images of vehicles after they have passed the sensor, thereby
providing identification of vehicles with high CO concentrations in their emission.
When a vehicle passes the sensor and blocks the beam the measurement cycle
commences and a background signal is determined. As soon as the vehicle unblocks the
beam absorption measurements are made for a time period of 500 ms. The system also
monitors laser power and compensates for turbulence in the wake of the passing vehicle.
The PC analyses the data and a CO level is calculated. The total time elapsed before the
sensor is ready to record more data is 1 second.
Observing the operation of the prototype sensor illustrated a number of practical
problems which are encountered when making roadside vehicle exhaust measurements.
The sensor and retro-reflector require careful alignment to return the laser beam to the
photodetector. The sensor and retro-reflector must also be adjusted to an appropriate
height so that the exhaust of as many vehicles as feasible can be tested. The relative
strength of the test beam and reference beam must be manually adjusted. A video
camera must also be set up to record the identity of polluting vehicles. Appropriate
roadside location of the sensor is also critical for obtaining pollution data. A single lane
carriageway is most suitable so that only one vehicle can cut the laser beam at any given
time. The traffic should be relatively free flowing to ensure that the engines of the
vehicles under test are not idling. Work done by Jimenez et al. [JIMOO] has shown that
long path lengths are desirable for vehicle exhaust measurements to prevent drivers
altering their driving style as they pass the sensor.
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Chapter 6: Conclusion
The original aims of the project were to construct a sensor capable of measuring
CO concentration to the degree of sensitivity specified in the guidelines published by
WHO. The sensor was required to distinguish CO from other gas species and from
particulate matter. The sensor was also required to operate with a response time of the
order of a second.

The sensor needed to have the potential for portability and

demonstrate a capacity for remote operation. The extent to which these objectives were
met is discussed.
From the work presented it can be concluded that the ECDL lacks sufficient
sensitivity to detect the presence of CO. The lack of sensitivity of the ECDL can be
attributed to two factors. Eirstly the ECDL has a greater linewidth than the absorption
feature and secondly the ECDL has an inability to scan across the entire width of the
spectral feature. Either reducing the linewidth or increasing the scan range would result
in probable detection of CO. To resolve a full absorption line the scan range would
need to be increased so that the entire spectral width of the ECDL would cross from one
side of the CO feature to the other. Eor a spectral output of linewidth 0.08 nm (FWHM)
from the ECDL, the entire width of the line is approximately 0.30 nm at zero intensity.
The calculated linewidth for a CO absorption line at FWHW is approximately 0.03 nm
and approximately 0.30 nm at near zero intensity. Increasing the scan range from the
current maximum value of 0.15 nm to approximately 0.65 nm should reveal absorbance
data. Reducing the linewidth of the ECDL is desirable since this reduces the required
scanning range to approximately the width of the CO absorption feature of 0.30 nm at
near zero intensity. Clearly this range of continuous tuning using a piezo element is
beyond the capabilities of the current design of the ECDL. Work done by Sacher et al.
[SAC92] has demonstrated the existence of an intermittent oscillating signal related to
the scanning angle of the grating.

The appearance of this signal leads to chaotic

behaviour and eventual coherence collapse. High levels of feedback giving a reduction
in lasing threshold of the order of 8% can increase linewidth as chaotic behaviour
within the cavity builds. This suggests that a continuous tuning range of greater than
0.015 nm for the ECDL by changing the grating angle alone will not be possible. A
combination of current adjustment and grating angle change would be required to
prevent the cavity from mode hopping [ERI99].

Manual discontinuous tuning by

mechanical adjustment of the grating angle can achieve a scan range of approximately
10 nm without changing the temperature or drive current of the diode laser. However
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only continuous tuning of the ECDL is appropriate for making spectroscopic
measurements.
Improving the quality of the components used in the ECDL design should lead
to an improvement in sensitivity. Reduction in linewidth can be achieved by replacing
the current diffraction grating by one with a smaller groove separation. The resolving
power, R, of a grating is given by

R = mN,

(6.1)

where m is the diffraction order and N is the number of grooves illuminated. From eqn.
6.1 the resolving power of a grating is equal to the product of the number of illuminated
grooves and the diffraction order number, therefore the closer the groove spacing the
better the resolution of the ECDL. Adjusting the focus of the aspheric lens in the diode
laser mount can increase the number of grooves illuminated. This is not a practical
solution since, if good collimation of the output beam is lost, there can be a detrimental
effect on feedback into the diode laser cavity. Similarly introduction of a diverging lens
into the extended cavity as discussed in Section 3.4 failed to produce sufficient optical
feedback to the diode laser. The scanning range of the ECDL was not improved by
using a commercial piezoelectric mount in place of the adapted kinematic mount
although improved mechanical stability was advantageous when manually tuning the
ECDL. Instead the scanning range was limited by the stability of the lasing mode.
Orienting the blaze direction of the diffraction grating to increase feedback into the
cavity, as described in Section 3.4, had a more pronounced effect on the scanning range.
On average the scan range of the ECDL was increased by 20% at the maximum applied
piezo voltage before mode stability was lost. Replacing the diode laser with one having
anti-reflection coating on the laser facet as well as on the can window may reduce
linewidth and improve mode stability (c.f. Section 1.3.2).
In addition to improving the quality of the components from which the ECDL is
constructed, amplification techniques can be used to improve the appearance of the
absorption signal. The ability of the ECDL to detect absorption signals can be enhanced
by using lock-in amplification. As discussed in Section 5.1, a lock-in detector can be
used to extract a 2/ signal from a modulated optical signal. Modulation of the optical
output can be achieved by modulating the driving current to the diode laser.
Alternatively a physical method whereby the light is chopped using a strobe wheel
running at a controlled frequency can be used [MAR96]. From the Beer-Lambert law
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(eqn. 2.5) it can be seen that increasing the optical path length of the laser beam through
the gas sample would also help initial detection of the CO absorption. Ultimately
increasing path length alone is not a satisfactory method for enhancing sensitivity
because the optical path length through a vehicle exhaust plume will be of the order of a
metre or less.
Although the sensor at present does not have sufficient sensitivity to measure
absorption of CO, the sensor could potentially make selective gas absorption
measurements. The HITRAN database shows that the spectral region of 1563 nm to
1567 nm accessed by the ECDL for this experiment is free from interference from
carbon dioxide, water vapour and oxygen.
The potential for device portability has been demonstrated by using DC powered
components. A Newport current driver and temperature controller were used for all
experimental measurements.

The Newport components were replaced with the

Wavelength Electronics components described in Sections 3.2, 3.6 and Appendix B.
The Wavelength Electronics components require no more than 15 V DC. Currently,
regulated power supplies are used to transform 230 V AC down to the required DC
voltage. The potential for using a portable power supply such as a 24 V car battery
exists and has been demonstrated by the Tunable Diode Laser group at UMIST in their
prototype CO sensor described in Section 5.4.1. The Wavelength Electronics current
driver and temperature controller were interfaced to a PC to demonstrate the potential
for system automation. The response time of the sensor is dependent on the operating
speed of the LabVIEW program written to control the ECDL. Program functions such
as the maximum scanning rate of the piezo driver are dependent on the number of
iterations the program can perform per second.

The maximum resolution of data

displayed in real time and the resolution of acquired data is also dependent on the
program iteration rate. Maximum iteration rates of the order of a few milliseconds have
been achieved which provides good data resolution and a maximum piezo-scanning rate
of the order of 100 Hz. The potential exists to develop the device for use in remote
sensing applications. Further work is needed to adapt the modulation inputs on the
Wavelength Electronics components to enable limited current and temperature control
from an interfaced PC.
In conclusion, the sensor under development is currently not sensitive enough to
detect the presence of CO. Measurements of the spectral characteristics of the ECDL
such as linewidth, scanning range and single mode stability have been made.

By

comparing these values with the expected linewidth values for a CO absorption feature.
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it has been demonstrated that the ECDL’s spectral linewidth and scanning range are not
compatible with detection of a CO absorption line. An improvement in component
quality and the use of 2/ detection described above should result in detection of the
presence of CO although it is impossible to predict the level of sensitivity that might be
achieved. The sensors potential for making selective measurements of one gas species
is high once sufficiently sensitive measurements can be made.

The potential for

portable or remote operation has also been demonstrated by using DC powered
components and interfacing the system to a PC.
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Appendix A: Newport Current Driver and
Temperature Controller
A custom cable was made to interface the Newport laser driver output
connections to the Thorlabs laser mount. The laser pin socket in the Thorlabs mount
can accommodate all 3 and 4 pin configuration diode lasers. To ensure the correct
power connections to the diode laser, two switches inside the Thorlabs mount must be
appropriately set. For the FLO-502 diode laser pin configuration shown in Fig. Al,
switch SWl is set right and switch SW2 is set left. Placing the laser diode cathode in
Common

f t

Laser Diode
[cathode]

Photodiode
[anode]

Figure Al - Diode laser pin configurations for the FLO-502 15 mW diode laser.

the 12 o’clock position, the laser diode anode in the 3 o’clock position and the
photodiode anode in the 6 o’clock position completes the connections inside the laser
mount. In addition to the interfacing pin connection instructions supplied by Newport
and Thorlabs, it was found that the laser ground (pin 3) and the laser anode (pin 8) on
the Thorlabs mount must also be shorted.

Table Al details all pin and short

connections.

Table Al - Pin connections for the Newport 500 Laser Driver and Thorlabs Laser Mount.

Ground
Laser cathode
Photodiode cathode
Photodiode anode
Laser anode
Shorted pins

Newport Laser Driver pins Thorlabs Mount pins
3
3
4,5
7
6
2
7
4
8,9
8
1,2
1 shorted to 5
3 shorted to 8

Al

Interfacing the Newport 300 series temperature controller with the Thorlabs mount
requires four pin connections to be made. The Thorlabs miount is equipped with a
AD590 temperature sensor. This senor type must be selected on the rear panel of the
Newport temperature controller to ensure the correct bias is used. Table A2 details the
required pin connections.

Table A2 - Pin connections for the Newport 300 Temperature Controller and Thorlabs Laser Mount.

TE +
TEAD590 +
AD590 -

Newport Temperature Controller pins Thorlabs Mount pins
4
1,2
3,4
5
7
9
8
7

A2

Appendix B: Wavelength Electronics Current Driver and
Temperature Controller
The Wavelength Electronics MPL and MPT series laser current drivers and
temperature controllers are board-level components which are powered from DC power
supplies. This appendix contains details of power supplies, pin connections and heat
sinks required for correct operation of the Wavelength Electronics components.
The control electronics in the MPL and MPT are designed for low noise
operation.

Wavelength Electronics recommends the use of regulated linear power

supplies produced by Power-One. The MPL500 requires a HA 15-0.9-A Power-One
supply for correct operation. The choice of correct MPT5000 power supply depends on
the current limit and maximum voltage required by the TCLDM9 Thorlabs TEC.
Graphs showing the ‘Safe Operating Area’ (SOA) for the MPT temperature controllers
are supplied by Wavelength Electronics to help determine the power supply
requirements. Load lines are calculated from the TCLDM9 current limit (5.6 A), the
TCLDM9 maximum voltage (4 V) and the voltage of the proposed power supply
(12 V). If the load line does not cut through the ‘unsafe operating area’ on the graph,
then the power supply is suitable for operating the MPT. Fig. B1 illustrates a (SOA)
Constant
Power Curve
Load Line

Max TEC
Current = 5.6 A

Voltage across MPT
[5 V - (4 V X 90%)] = 1.4 V

MPT max
► current set
to 4A

Normalised
Output Current
(Amps)

Vertical line intersects
x-axis at 2.5 V. Max
power dissipation by
heatsink for MPT is
2.5 V X 4 A = 10 W

5

10

Voltage (Volts)
Figure B1 - Wavelength Electronics ‘Safe Operating Area’ graph with calculations for MPT5000 load
line superimposed.

graph with the calculated load line for the MPT5000 using the selected Power-One
HC5-6/0VP-A 5 V power supply. Current limit jumpers within the MPT5000 were set
B1

to allow a maximum operating current of 4 A. The TCLDM9 has a maximum heating/
cooling capacity of 26 W. An estimate of the actual heating/cooling power of the
TCLDM9 when operated by the MPT5000 using a 5 V power supply is given by

MPT maximum current x TEC heating/cooling power = 18.6 W.
TEC maximum current

(Bl)

The MPL series current drivers are not compatible with the Thorlabs TCLDM9
mount for all diode laser types. The MPL series laser current driver operates from a DC
power supply and provides voltage to the Thorlabs mount from 0 V to V^.

The

Thorlabs mount operates the diode lasers ground connection pin at 0 V only. Any
device that requires a diode laser voltage more negative than 0 V (such as the FLO-502
device with laser diode cathode) cannot be operated in the Thorlabs mount with a MPL
series laser driver. The MPL500 laser driver was used to operate a 40 mW diode laser
in the Thorlabs mount to demonstrate the Lab VIEW program ECDL Control.vi. Fig.
B2 illustrates the diode laser pin configuration for the 40 mW device supplied by Laser
Components.
Common

t f

Laser Diode
(anode)

Photodiode
(cathode)

LC 40mW diode laser
Figure B2 - Pin configuration for the 40 mW device supplied by Laser Components.

Table Bl details the pin connections required for interfacing the MPL500 with the
Thorlabs laser mount and a PC. It is recommended to short pins 2 and 3 if modulation
is not being used. To operate the MPL in constant current mode pins 5 and 6 must also
be shorted.
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Table B1 - Pin connections between The MPLSOOand theThorlabs TCLDM9.

MPL500 pins
7
8
9
14
15
2 shorted to 3
5 shorted to 6

Laser diode anode
Laser diode cathode
Ground
Photodiode anode
Photodiode cathode

Thoriabs Mount pins
8
7
3
4
2
1 shorted to 5
3 shorted to 8

Pin configurations for the MPT and the Thorlabs TCLDM9 diode laser mount
are shown in Table B2. A common pin is used by the MPT for connection to all
temperature sensor types. Internal jumpers must be set to configure the MPT for the
temperature sensor required. The MPT was configured for operating a thermistor by
selecting the jumpers ‘sensor type’ position 2 and ‘sensor current’ position 4 (100 pA).
Table B2 - Pin connections for the MPT50(X) Temperature Controller and Thorlabs Laser Mount.

TEC +
TEC Sensor +
Seasor ground

MPT5000 Temperature Controller pins Thorlabs Mount pins
3,4
4
1,2
5
10
9
9
7

Safe operation of the MPL and MPT require the use of heatsinks to provide
passive cooling for the components and prevent damage to the electronic circuitry. Eqn.
B2 supplied by Wavelength Electronics for their MPL products allows calculation of
heat sink requirements.

Punit ~

^load) ^ him "b {.him

hood) ^ ^load "b

(B2)

where Punit is the power dissipated in the MPL in Watts, Vioad is the voltage in Volts
across the laser diode during operation, him is the limit current for the laser diode in
amps and

is the power supply voltage. The rate of temperature increase, Rt, can be

calculated using
Rt

Rt

=

10

^

Punit.

(B3)

is the minimum required temperature rating of the heatsink in °C W ’. Heatsink

calculations for the MPL500 were made based on operation of the 40 mW device at its
B3

maximum drive current. After inclusion of a safety factor, a heatsink with a rating of
approximately 18 °C W ' would be required for the MPL500. The MPT5000 heatsink
requirement is calculated from the product of MPT maximum current and the voltage
value on the x-axis where a vertical line intersects the load line as illustrated in Fig. B1.
Inclusion of a safety factor gives a required heatsink rating of approximately 5 °C W'*.
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